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Abstract 
Our understanding of molecular photophysics has developed over the course of the 
twentieth and early twenty-first century. Mastering the underlying mechanisms of 
fluorescence from organic dyes necessitates development of many spectroscopic 
techniques. For a time the field was driven by studying increasingly elaborate molecular 
structures, but now attention has returned to smaller systems, even single chromophore 
entities. This has in part been influenced by cost, and many small chromophores for 
commercial use are being designed with very specific properties based on classic 
photophysics concepts. Even relatively small organic fluorophores display subtleties 
which can be influenced by minor changes in structure or local environment. As is 
observed in this work, there are cases where manipulation of a single atom can afford a 
major change in optical properties. 
Having understood the nature of absorption and emission, our attention turns to how 
this knowledge could be applied to understand intricate processes such as energy and 
electron transfer. Consequently it becomes possible to rationally design dyes with 
desirable properties, and new technologies emerge as a result. A prime example lies in 
recent efforts to enhance the efficiency of organic solar cells, where investigators have 
turned to exploiting E-type delayed fluorescence (a concept introduced decades earlier). 
Now the field is awash with applications where old principles have been utilized to the 
advantage of new technologies.  
This thesis is concerned with the particular problems of analyzing organic dyes which 
absorb and emit in the red region. The introductory chapter outlines how the molecular 
photophysics has evolved over decades and defines key concepts in optical 
spectroscopy. We also examine two state-of-the-art techniques which rely on an 
understanding of fluorescence and electron transfer: namely super-resolution 
fluorescence microscopy and singlet-exciton fission. Finally, some consideration is given 
to how the field will likely manifest itself in the near future. 
An investigation into the origin of the red absorption/fluorescence characteristic to aza-
BODIPY dyes, a variant on the popular boron dipyrromethene (BODIPY) dye family, is the 
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basis of Chapter 3. Aza-BODPIY dyes have a carbon atom replaced by nitrogen at the 
meso site, causing a 100 nm red-shift relative to regular BODIPY. Careful analysis of the 
photophysics of aza-BODIPY, alongside a non-aza analogue, builds a picture of how this 
relatively large change in the excited state energy landscape is achieved with such a 
minor modification to the core structure.  
Chapter 4 explores the triplet-exited state properties of a popular red-emitting organic 
semiconductor chromophore, TIPS-pentacene. We discuss various mechanisms leading 
to quenching of fluorescence at the expense of enhancing intersystem crossing into the 
triplet manifold for TIPS-pentacene, which sees high triplet or fluorescence yields 
depending on the environment. TIPS-pentacene is widely used as the basis for singlet-
exciton splitting dyes, where two triplets are formed from the singlet-excited state. This 
is therefore a pertinent example for explaining just how one can access the triplet state. 
In Chapters 5 and 6, we examine a new bridged pentacene bichromophore, which 
undergoes exciton multiplication by intramolecular singlet fission. Transient absorption 
spectroscopy suggests there is strong communication between pentacene moieties in 
the bichromophore, showing an unusually delocalized triplet state. This is contrary to 
many other singlet fission chromophores based on pentacene. 
The problem of how to accurately measure fluorescence quantum yields in the red 
spectral region is tackled in Chapter 7. The difficulties with measuring fluorescence in 
this region are highlighted and an alternative method for recording fluorescence yields, 
thermal blooming spectroscopy, reintroduced. A series of red-emitting cyanine dyes is 
proposed as new ratiometric fluorescence yield standards. This work has involved 
construction of a bespoke instrument for the task. 
In the final chapter, the mechanism of fluorescence “blinking” in the context of super-
resolution fluorescence microscopy is studied. Using a combination of steady-state and 
time-resolved spectroscopic measurements in conjunction with advanced analysis of 
super-resolution microscope data allows for an interpretation of how such regular and 
reliable on/off fluorescence blinking is achieved with a popular commercial cyanine dye. 
Previously proposed mechanisms are tested extensively by optical characterization of 
the system. It is inferred that isomerization plays a role in switching between states. 
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Chapter 1: Introduction 
1.1 The Versatility of Light-Induced Molecular Processes 
Humans only perceive a small fraction of the electromagnetic spectrum, notably as 
visible light (400-700 nm) and heat to the touch (infrared region). Nonetheless, within 
that small window vast arrays of organic and inorganic compounds display photophysical 
properties, giving rise to colour in the visible spectrum. Our modern way of life is based 
on the ready availability of dyestuffs and we need a constant supply of new and unusual 
colourful materials, many of which are taken for granted. Most of us spend considerable 
time staring at a coloured computer display. Life itself is sustained by the green pigment 
central to photosynthesis, chlorophyll.1 Suffice to say there has been for some time an 
imperative to understand the processes dictating absorption and emission of light in 
dyes. Such an understanding underpins much of industrialized society. 
Since the nineteenth century, pioneers in the field now known as molecular 
photophysics have defined the physical basis of light interacting with chromophores 
(early notable investigators including Stokes, Becquerel, Vavilov, Gaviola, Lewis, Kasha, 
and Förster).2,3 In doing so, it has been possible to understand the mechanisms behind 
plant photosynthesis4, to make technological breakthroughs with lasers5,6, solar cells9,10, 
and to advance medical sciences with fluorescence microscopy7,8 and photodynamic 
therapy as a cancer treatment.11,12 This is in addition to the myriad of applications that 
utilize fluorescence as a probe in sensing environmental changes13,14, a way of lighting 
up the world with light emitting diodes15,16 and developments in solar fuels.17-19 
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Figure 1.1. Simplified Jablonski diagram illustrating some of the photophysical processes 
observed in chromophores. The various rate constants for transitions to each state are 
governed by the structure of the molecule and the local environment. Key: VR 
(vibrational relaxation), IC (internal conversion), ISC (intersystem crossing). Nonradiative 
processes are drawn with dashed lines. 
The number of processes a molecular dye can undergo upon absorbing a photon and 
being promoted to the excited state are numerous, leading to many practical 
applications. Molecular photophysics is primarily concerned with manipulating the 
excited state. Furthermore, a change in the local environment often affects a change in a 
dye’s optical properties, providing a means of measuring various physical parameters 
such a pH, temperature, viscosity, pressure, voltage and detecting analytes.20-23 In cases 
where the dye fluoresces, the above parameters often have an effect on the 
fluorescence characteristics, hence fluorescent probes have successfully been utilized in 
measuring these properties in the field. Practical examples of utilizing such dyes include 
“lab on a chip” applications, where physiological processes can be monitored quickly 
with a single device.24,25 
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Figure 1.2. Examples of processes that may occur subsequent to a molecular dye 
absorbing a photon. 
Broadly speaking, the array of molecular photophysical processes are encompassed in 
Figure 1.2. These all compete with vibrational relaxation of the S1 or higher-energy 
states by internal conversion to S0, emitting heat. Engineering other processes, such as 
electron transfer or energy transfer to compete with alternative decay pathways, can be 
accomplished with design of new dyes or in some cases by altering the surrounding 
environment. Knowing what to change, however, in order to achieve the desired effect 
is easier when one understands the origins of the underlying photophysical processes. 
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1.2 A Mechanistic Understanding of Excited State Dynamics 
1.2.1 Timeline of Discovery 
During the early to mid-twentieth century many of the light-emitting properties seen in 
organic materials were defined and understood from a mechanistic point of view. Early 
discoveries, such as fluorescence quenching (explained by the Stern-Volmer 
relationship),26,27 provided sound, quantitative grounds for characterizing physical 
interactions related to fluorescence. Later discoveries explained the polarized nature of 
fluorescence (Weigert, Vavilov, Levschin and Francis Perrin)28,29 and made the distinction 
between the electronic transitions related to fluorescence (the singlet-excited state) and 
phosphorescence (triplet state, Lewis and Jablonski).30,31 Invoking the triplet state was 
extremely important as it formally introduced the idea of metastable excited states. 
Resonance energy transfer (RET)32, the nonradiative process by which excited state 
energy is transferred from one molecule (donor, D) to another (acceptor, A) underpins 
processes in plant photosynthesis and other donor-acceptor systems. Resonance energy 
transfer mechanisms fall under two main categories, Förster-type (through space 
communication, known as FRET)33 and Dexter34 (through bond communication). 
Theodor Förster developed a theory of energy transfer between chromophores by 
dipole-dipole interactions. This is equally valid for singlet-singlet, singlet-triplet and 
triplet-triplet processes without direct orbital overlap between donor and acceptor. 
FRET has become a vital means of measuring distances between donor and acceptor 
chromophores in biological media. 
In the case of two coupled fluorophores, each would have its own distinct radiative rate 
constant (kRAD) in the absence of any interaction, which is then quenched by competition 
from FRET. For FRET, the rate of energy transfer has been quantified using Equation 1.1 
where all the necessary observables can be obtained from the absorption and 
fluorescence spectra.33 Here   is Avogadro’s number,   the refractive index,   the 
distance between donor and acceptor, and    the mean radiative lifetime of the donor. 
The term on the right describes the overlap integral of donor fluorescence and acceptor 
absorbance while   describes the orientation between the D-A, explained in terms of 
transition dipole moments (Equation 1.2). The term      refers to the angle between 
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the transition dipole moment vectors, and the remaining angles are between the 
individual vectors and the displacement vector of D-A combined (in a randomized 
system    = 
 
 
). The equations simplify to (3) where the well-known sixth power 
dependence on the D-A separation is emphasized.    being the mean fluorescence 
lifetime of the sensitizer is related to the fluorescence quantum yield   
  and intrinsic 
fluorescence lifetime   
  of the sensitizer in the absence of energy transfer by (4). The 
efficiency of FRET can experimentally be obtained by recording the relative fluorescence 
of sensitizer with and without acceptor or from the fluorescence lifetimes (5). 
       
           
               
    
 
 
        
  
  
                 
                                          
       
 
  
 
  
 
 
 
                     
     
     
                                     
    
  
  
     
  
  
                
 
Figure 1.3. Example of a donor-acceptor system which undergoes efficient Förster energy 
transfer. Here energy transfer is between two cyanine dyes where the donor is Cy3 and 
acceptor Cy5. The spectral overlap, J, corresponds to the integral in Equation 1.1. 
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FRET, popularly referred to as a “spectroscopic ruler”, is a fundamental tool for analysis 
of donor-acceptor systems in liquids, gases and solids. It has been particularly useful in 
biology. FRET tends to be the dominant mechanism discussed in the context of dyes 
because Dexter RET operates only over short distances (5-20 Å) where there is orbital 
overlap between donor and acceptor, whereas FRET propagates by Coulombic coupling 
between moieties across distances between 10 and 100 Å. In covalently coupled D-A 
systems, the two processes can work together and it is important to note that singlet-
triplet energy exchange most likely occurs with the Dexter mechanism.35 
 
Figure 1.4. Schematic of the main RET mechanisms. 
By the 1960s advances in understanding photophysical processes had been applied to 
new experimental techniques and technologies. A major experimental advance was the 
development of a means to monitor fast (sub-millisecond) photophysical processes, 
which was accomplished with flash photolysis.36,37 Introduced by Porter and Norrish in 
the 1950s, this pump-probe experiment allowed one to first convert a significant portion 
of chromopohres to the excited state (with a high intensity flash) and observe the decay 
kinetics of transient species (with a probe light). Flash photolysis revolutionized 
photophysical research (the Nobel Prize 1967 in chemistry being awarded to Porter, 
Norrish and Eigen for developing the technique) and remains highly relevant today. With 
the advent of lasers in the 1970s it became possible to observe the decay of nanosecond 
transient species. Later, femtosecond lasers allowed one to probe the nature of the 
singlet-excited state itself, not just the states reached subsequent to decay of the 
singlet. 
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Equally important was the emergence of molecular dyads, i.e. covalently-linked dyes. 
Where previously processes such as energy and electron transfer were examined as a 
bimolecular process, one largely relied on diffusion for interaction to occur. This did not 
allow for fine control of the system, nor did it allow for simple kinetic models. Weak 
interactions such as hydrogen bonding and electrostatics are useful strategies for 
bringing donor and acceptor together, but this is rarely a substitute for a covalent bond. 
A redox-active molecule must be held in very close proximity to a sensitizer if electron 
transfer is to occur. Covalently linking the two gives one the most control. This, after all 
is the approach Nature takes in the photosynthetic reaction centre, where cofactors are 
held rigidly in proteins to ensure good communication between chlorophylls and the 
redox-active components.  
 
Figure 1.5. Some examples of synthetic donor-acceptor systems from the literature.43,44,45 
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The emergence of molecular dyads was a big boost to the field due to the rational 
control of through-bond electronic and or through-space communication achieved by 
adjusting the geometry.38 Unsurprisingly, early molecular dyads were based on 
porphyrins, thereby mimicking the chlorophylls in plant photosynthetic systems.39 
Porphyrins being a common donor, C60 is perhaps the best known electron acceptor due 
to its excellent chemical reactivity and low reorganization energy.40 Having the redox 
active donor-acceptor linked covalently does present the problem of rapid 
recombination of charges, this has been overcome by devising dyads with multiple redox 
active steps, so that electron transfer occurs in a cascade sequence with ever increasing 
barriers to charge recombination. This bio-inspired approach has been prominently 
featured in the important work from Wasielewski, Gust, Osuka and their co-workers, a 
strategy which has led to very complex and elegant chromophore arrays.41,42 
1.2.2 The Triplet State 
It took some considerable time to make the physical distinction between fluorescence 
and phosphorescence. Although it was recognised that phosphorescence was a 
relatively slow decay of luminescence, the distinction between fluorescence and 
phosphorescence simply on the basis of radiative decay rates was a gross 
oversimplification. Many organic fluorescent dyes do indeed have a lifetime between     
1-10 ns,46 and their phosphorescence lifetimes can be up to seconds, but there are 
numerous exceptions. Radiative decay longer than 10 ns is quenched by molecular 
oxygen and low energy emission has a higher decay rate due to the Englman-Jortner 
energy gap law.47 In the case of delayed fluorescence, the fluorescence lifetime is similar 
to that of phosphorescence.48 By the 1920s instrumentation existed for measuring 
nanosecond fluorescence lifetimes where previously only the measurement of 
millisecond phosphorescence lifetimes was possible with the first time-resolved 
spectrometer, the phosphoroscope by Becquerel.3 
The quantum mechanical distinction between fluorescence and phosphorescence was 
gradually recognized by invoking a meta-stable intermediate state. This was postulated 
by Francis Perrin49, but his model involved an intermediate state which always returned 
to the ground state via the singlet, essentially describing delayed fluorescence. The role 
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of spin multiplicity was introduced by Lewis and Kasha30, which allowed for radiative 
decay directly from the intermediate state. The long lifetime was explained by the spin-
forbidden change in going from triplet to singlet. 
 
Figure 1.6. Schematic Jablonski diagram illustrating transitions to the triplet manifold 
with frontier molecular orbitals describing the spin multiplicity. 
The quantum mechanical justification outlined by Lewis and Kasha underpins our 
current understanding of the triplet state. Not only is phosphorescence emission the 
result of radiative decay from a spin-forbidden transition to the triplet state, but there 
are multiple transitions in the triplet manifold resulting in a distinct absorption spectrum 
for the triplet. Knowing that there is a meta-stable excited state, it is possible to explain 
many organic photochemical reaction mechanisms such as hydrogen abstraction by 
aromatic ketones. Indeed, electron-transfer reactions take place when the triplet state is 
populated due to it being sufficiently long-lived to make bimolecular contact with 
reactants via diffusion under suitable conditions. Delayed fluorescence falls perfectly 
within the same model, the difference being that the rate of reverse intersystem 
crossing or triplet-triplet annihilation competes with radiative decay or vibrational 
relaxation of the triplet. With the aid of flash photolysis, it became possible to record 
triplet absorption spectra. 
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1.3 Quantitative Fluorescence Measurements  
After early discoveries, it quickly became necessary to quantify the properties of 
fluorescence that were now becoming better understood. This manifested itself in 
commercial spectrophotometers for measuring UV-visible absorption and fluorescence. 
Flash photolysis instrumentation became commonplace once lasers were widely 
available. Developments in laser technology naturally led on to advances in 
photophysical experiments. Femtosecond lasers took flash photolysis from monitoring 
nanosecond processes to the femto- to picosecond domain for pump-probe 
experiments. Traditionally, fluorophores are studied for absorption and emission from 
300 to 750 nm. Such a limitation on detection is mostly a technical one, detectors and 
optics in spectrophotometers are usually optimized for this wavelength range, which 
covers much of the visible spectrum with reasonable efficiency. Many commercial 
fluorimeters only detect fluorescence with a quantum efficiency above 10% from 300 to 
600 nm. Such technical restrictions have left the far-red to near-IR region (750-1000 nm 
for the sake of argument) somewhat underexplored. 
1.3.1 The Problem of Measuring Fluorescence in the Red Region 
The importance of red-emitting organic fluorophores has increased recently due to 
interest in their use for biomedical and solar applications.50,51 Particularly in the cases of 
fluorescence microscopy52 and photodynamic therapy,12 red emitting dyes are useful 
due to soft tissues and cells being less susceptible to damage and more permeable to 
light in that region (the so-called biological window). 
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Figure 1.7. Schematic illustration of wavelength ranges across the electromagnetic 
spectrum and the type of transition associated with each portion of the spectrum (top). 
One of the problems of red emission is in obtaining quantitative fluorescence 
measurements at wavelengths longer than 650 nm. There are few well established 
fluorescence quantum yield standards for use in this range. Coupled with detectors that 
are often inefficient in this region, the scope for error becomes large. These problems 
are compounded by a decline in fluorophore emission efficacy with decreasing energy 
gap between the ground and excited states. It is inevitable that one will need to contend 
with lower fluorescence quantum yields for emission past 650 nm, which in turn makes 
measuring the fluorescence more difficult. 
These problems can be partially resolved by introducing new standard fluorophores for 
the 650-1000 nm region, although specialist detectors and expensive integrating spheres 
are required for the purpose of determining absolute fluorescence quantum yields. The 
problem of insensitive detectors has been somewhat alleviated by the replacement of 
photomultiplier tube detectors with charge-coupled devices (although these can be 
expensive). Alternative methods for quantitative fluorescence measurements exist, but 
are not commercialized. These include photoacoustic spectroscopy53 and thermal 
lensing54 (aka. thermal blooming) spectroscopy. The imperative to address the lack of 
fluorescence standards for the red region though has become more topical since red-
emitting fluorophores are now commonplace in fluorescence microscopy. 
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1.3.2 Englman-Jortner Energy-Gap Law 
The Englman-Jortner energy-gap law47 is a fundamental design consideration for 
luminescent molecules. In a simple interpretation of the energy-gap law, the non-
radiative rate constant kNR will increase as the S0 to S1 energy gap, or gap to other 
electronic states, decreases. From the view of the UV-visible spectrum in Figure 1.7 one 
must remember that the nanometre wavelength scale commonly used to report 
absorption and fluorescence is non-linear. When energy is instead expressed in 
wavenumber, one is presented with a linear energy scale, and the energy gap becomes 
more obvious. Therefore, a Stokes’ shift of 15 nm at the blue end of the spectrum 
corresponds to a far larger energy gap than a 15 nm shift from 750 nm. This leads to the 
general conclusion that fluorophores in the red region will tend to have lower quantum 
yields than those with absorption and emission at higher energy (although this is an 
oversimplification since there are many competing non-radiative processes). Awareness 
of this trend allows manipulation of non-radiative decay. 
 
Figure 1.8. Typical example of a series of analogous compounds showing an increase in 
nonradiative decay rate with decreasing emission energy (in wavenumber). This trend is 
exactly as predicted by the engery gap law. Figure adapted from ref. 55. 
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More formally, a simplified expression the energy-gap law is shown in Equation 1.6.1. 
Here    is the energy gap of the transitions involved and    the dominant vibrational 
frequency. The coefficient   can be expressed in terms of equations 1.6.2 and 1.6.3, 
which result from observables in spectroscopic measurements. The term   refers to the 
Huang-Rhys factor (aka. S-factor). It describes the nuclear displacement when going 
from the ground to the excited state. In Equation 1.6.3,   refers to the extent of nuclear 
distortion. 
         
   
   
                    
      
    
   
             
   
 
  
              
The energy-gap law works with a two-state model and without anharmonicities in the 
potential energy surface, but it has proven very successful in predicting trends in 
nonradiative rates for many excited state transitions, including charge transfer56 and 
triplet states.57 
An analysis of the energy-gap law also extends to the radiative rate constant, kRAD. Some 
investigators had shown that in certain donor-acceptor systems the radiative decay rates 
from charge-separated states (i.e., charge-transfer fluorescence) depends on solvent 
polarity, showing a greater kRAD in less polar solvent.
58 Jortner et al. later demonstrated 
that in such donor-acceptor systems intensity can be “borrowed” from a locally excited 
state which comes about from efficient mixing of the states due to stabilization of an 
exciplex.59 In a less polar environment, D+A- is not stabilized, leading to a decrease in 
kRAD. This finding accounts for the intense charge-transfer absorption bands found in 
some donor-acceptor systems (i.e. high oscillator strength) and adds yet another level of 
control to the photophysics of such systems. If one can understand the coupling 
between the locally excited and charge separated states, it becomes possible to 
engineer the radiative rate constant. 
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1.3.3 Barrier Crossing Dynamics 
The photophysical processes discussed above are usually subjected to some level of 
activation energy. Nonradiative decay can be both activated and activationless, but 
vibrational relaxation is fundamentally activationless. Other activated processes, such as 
isomerization and electron transfer, can be introduced, these being sensitive to the 
environment. In the case of isomerization, the magnitude of the activation energy will 
depend on solvent viscosity, which is related to the temperature. Electron transfer will 
be sensitive to solvent polarity as charged species will be stabilized in polar 
environments, changing the energy of charge-separated state and thus also the 
activation barrier. Of course, one of the disadvantages from the perspective of 
molecular photophysics is that one operates from the excited state. Therefore, any 
activated process will be in competition with radiative decay. 
Activated barrier crossing in liquids has, of course, been modelled, most famously by 
Kramers60 which allows for a better understanding of how one gets to a transition state 
and justifies the activation energy obtained from the Arrhenius equation. If one were to 
go further and manipulate the energies of the HOMO and LUMO in a chromophore, the 
activation barrier to such processes might be engineered further. Therefore, when 
introducing an activated photochemical process, it is important to consider whether the 
process is viable in the selected environment. A classic example illustrating this model is 
the isomerization of cis-stilbene.61 Considering the same for electron transfer, the 
activation barrier is obviously of vital importance in order to assess whether the process 
is viable at all. This highlights the importance of characterizing the potential energy 
landscape of a chromophore. 
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1.4 Rational Design of Fluorescence Properties 
For much of the twentieth century, chemists studied the photophysical properties of 
relatively simple organic dyes. Once an understanding of the underlying photophysical 
properties had been obtained, a wave of increasingly complex chromophoric systems 
emerged. Here, two popular families of fluorescent dye are described as case studies to 
better illustrate how various photophysical parameters are understood and how 
structural modification with rational design can bring about the desired optical 
properties. 
1.4.1 Case Study 1: Cyanine Dyes 
Cyanine dyes have a long history, first emerging as sensitizers for silver halide 
photographic plates in the late nineteenth century. Indeed, the early development of 
these dyes is closely related to photography.62,63 Cyanine dyes constitute a very diverse 
class of compounds due to relatively simple synthesis and broad scope for modification 
of their core structure.64 They remain widely used in industry today and have seen 
somewhat of a renaissance in research for use as a fluorescent probes in biology65 due 
to high molar absorption coefficients and fluorescence quantum efficiencies . Industrial 
applications for cyanine dyes range from coatings in optical storage media, laser dyes, 
pigments for photocopying and light-harvesting materials. 
 
Figure 1.9. Example of three common indocarbocyanine dye derivatives and their 
absorption spectra. 
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Changing the length of the polymethine backbone of the cyanine dye (Figure 1.9) is a 
prime example of how increasing the amount of π-conjugation causes a red-shift 
(bathochromic shift) for the absorption maximum. This shift in absorption maximum 
forms the basis of Kuhn’s well-know “particle in a box” model66, which qualitatively 
predicts the absorption maximum of highly conjugated organic chromophores. The 
general trend of fluorescence quantum yield across the series falls from 0.5 (for Cy3) to 
0.1 (Cy7) for similar cyanine dyes in this range, again in line with the energy-gap law.67 
A number of fundamental photophysical properties discovered in cyanine dyes are 
pertinent to other systems. At an early stage, it was observed that cyanines would 
undergo aggregation in solution, again relating back to their use in colour 
photography.68 Aggregation in organic chromophores can lead to drastic alteration in 
the photophysical properties, depending on the orientation of the interacting 
chromophores. There are two types of aggregates: J-aggregates (named after E. E. Jelly, 
the researcher responsible for their discovery) and H-aggregates.69 The J-type 
aggregates associate in a tail-to-tail orientation, leading to extension of the conjugated 
system and a lowering of the total energy. This can be seen as an emergence of a in a 
red-shifted peak in the absorption spectrum. H-aggregates stack parallel to each other, 
resulting in a blue-shifted absorption spectrum. Further, the monomers may associate at 
a slip-stacked angle, where the resulting spectrum would be a combination of two 
peaks. These models work equally for dimers.  
Michael Kasha provided an elegant semi-classical description of these spectroscopic 
changes with the introduction of the exciton splitting model.70 Often, dimerization or 
aggregation can be controlled by altering the solvent. Organic dyes in polar solvents 
remain monomeric over concentration ranges spanning orders of magnitude, but 
aggregation is common in aqueous solution due to hydrophobic interactions. Water with 
its relatively high dielectric constant overcomes the coulombic repulsion of cationic and 
anionic dyes.71 Dimerization and aggregation are crucial to supramolecular 
photochemistry due to the way in which absorption and fluorescence properties can be 
engineered by changing the surrounding environment.  
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Figure 1.10. Schematic energy level description of aggregation. Within the semi-classical 
description of Kasha’s exciton model, the description works for dimers and aggregates. 
Forbidden transitions correspond to faded lines 
A second fundamental process which many cyanine dyes undergo is cis-trans 
isomerization.72-74 Cis-trans isomerization, a fundamental process in biology related to 
the chemical origin of animal vision with retinal,75 occurs readily in cyanine dyes upon 
exposure to light.  Rotation adjacent to double bonds on the polymethine backbone 
results in distorted stereoisomers, which rapidly undergo equilibrium back to the all-
trans ground state by thermal equilibriation or photo-induced back isomerization. 
Although the isomers are rarely isolated, they have been detected by flash photolysis76 
and fluorescence correlation spectroscopy.77 This isomerization can be seen as 
fluctuations in fluorescence intensity and there has been some interest in studying this 
phenomenon further as a means of on/off fluorescence modulation, although many 
attribute the dark state to subsequent transitions into the triplet manifold.78 
Furthermore, isomerization is an important deactivation pathway of the singlet-excited 
state, often occurring in high yield and is an important consideration for similar systems. 
Isomerization also has implications for the photostability of chromophores. 
Overall, cyanine dyes have served as a rich basis for studying fundamental photophysical 
phenomena, which has been closely related to their widespread use in industry. There is 
no sign that their use will diminish in the future. 
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1.4.2 Case Study 2: BODIPY Dyes 
BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) dyes represent a new wave of 
versatile, highly fluorescent, highly tuneable dyes.79,80 Over the past 15 years research 
into these compoiunds has seen an explosion of new derivatives with photophyical 
properties to suit most imaginable applications. Characteristic of BODIPY are high 
fluorescence quantum yields, low Stokes’ Shifts, minimal intersystem crossing yields, 
and good solubility in a large range of solvents with limited solvatochromism. 
Substitution of the core BODIPY structure (Figure 1.11) leads to virtually limitless 
possibilities and applications as functional derivatives. 
 
Figure 1.11. Core BODIPY structure. 
The BODIPY family has found applications as environmental probes81, biolabels82, 
photodynamic therapy83 and laser dyes84. Perhaps one of the more simple 4,4-difluoro 
BODIPY derivatives, where methyl groups are substituted at 1,3,5,7 positions, has an 
absorption maximum at ca. 490 nm and a fluorescence yield of unity.84 Substituting the 
methyl groups for aryl rings predictably results in absorption and emission into the near-
IR region, but with lower fluorescence yields.85 Aza-BODPY dyes afford an approx. 100 
nm red-shift in absorption and emission with less of a penalty in fluorescence yield. The 
details of this are discussed in Chapter 3. 
Other BODIPY derivatives display functionality demonstrating important photophysical 
mechanisms such as photo-induced electron transfer, charge transfer and resonance 
energy transfer.81 More recently, studies into the molecular rotor effect for substituents 
at the meso-position (position 8) has led to new fluorescent viscosity probes.86 
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Figure 1.12. A small selection of BODIPY derivatives from the scientific literature (*when 
excited into the pyrene).80,82,87,88,89 
Designing an effective molecular indicator for sensing analytes in real time or for 
fluorescence imaging in vivo requires careful consideration of all the photophysical 
phenomena mentioned previously. Figure 1.12 illustrates the relative ease with which 
BODIPY can be altered to suit the purpose. Dye 1 represents one of the simplest stable 
BODIPY dyes and has a near quantitative fluorescence yield at around 500 nm.81 
Addition of the aza-nitrogen and aryl functionality results in the far-red emitting 
derivative of dye 2.88  
Dye 3 is an ideal illustration of efficient energy transfer from pyrene to BODIPY via 
Förster resonance energy transfer.88 Here, one can still irradiate into the BODIPY 
chromophore with a high fluorescence yield, but excitation into the pyrene (which 
remains spectroscopically distinct) results in 100% of the excitation energy being 
transferred to BODIPY. This type of system is ideal when one needs to effectively 
separate the excitation from emission (by a large virtual Stokes’ Shift).  
A molecular rotor effect is observed in dye 4. Now the fluorescence yield is nearly zero 
in a solvent of low viscosity, with the main non-radiative pathway being rotation of the 
meso aryl group.89 There are many subtleties affecting the rotation of the meso-
substituent though, stemming from steric hindrance from other substituents and 
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structural distortion of the BODIPY core structure. Dyes 5 and 6 show examples of 
intramolecular charge transfer and photo-induced electron transfer (PET), respectively.81 
Charge transfer occurs due to the presence of an amine. Instead of emitting a photon 
from the S1 state, there is competition from transitions to charge-transfer states, which 
often have a strong absorption in the visible spectrum in the case of metal complexes. 
The energy of the CT state will be sensitive to the polarity of the solvent so that in a non-
polar environment the energy of the CT state may rise to such an extent that 
fluorescence once again becomes the dominant deactivation pathway. Alternatively, 
protonation of the amine in dye 5 will eliminate charge transfer, providing the makings 
of an environmental probe. Formation of charge-separated states in such donor-
acceptor systems has found use in dye sensitized solar cells where the flow of current 
relies in effectively separating the positive and negative charges. 
Photo-induced electron transfer may take place where there is a suitable 
thermodynamic driving force between the donor and acceptor. Where PET is possible, 
fluorescence is quenched. This is because at the excited state level an electron is either 
efficiently transferred to an electron withdrawing moiety (oxidative PET) or the excited 
fluorophore is reduced by electron transfer from a suitable donor (reductive PET). PET 
may occur by bimolecular contact or as an intramolecular process as per dye 6. In the 
intramolecular case, systems often have a bridge between donor and acceptor to 
electronically decouple the two. In the case of BODIPY dye 6, substitution at the meso-
position achieves the same effect due to the orthogonal geometry between core and 
substituent. Marcus theory famously is able to predict the rate constant for PET in such 
systems.90 The thermodynamic driving force for outer-sphere PET (no chemical bonds 
broken) can be determined from electrochemical measurements of the donor and 
acceptor using Equation 1.7. The electron transfer efficiency increases with increasing 
ergonicity only up to a point due to the increase in activation energy. This leads to the 
bell-shaped graph showing the Marcus inverted region for electron-transfer rates. 
         
 
          
 
                                 
Here,      refers to the electrochemical half-wave potentials for the donor and 
acceptor,      is the excitation energy and C describes a term for the electrostatic 
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stabilization of the charge-separated state. PET becomes very useful in indicator probes 
because a change in environment can block the PET pathway by co-ordinating to donor 
or acceptor. 
It is reasonable to propose that, based on the sheer diversity of applications and 
accessible photophysical properties, BODIPY dyes are among the most versatile 
fluorophores available. This is unlikely to change in the near future as yet more 
applications are proposed. The examples shown here are relatively simple systems. 
Elaborate supramolecular systems have also emerged based on BODIPY, including 
complex light harvesting arrays.91 For researchers, this has resulted in a rich tapestry of 
mechanistic understanding to build on. The next step is now starting to emerge in the 
form of BOPHY dyes, an analogue on the BODIPY core (where two dipyrromethene units 
are merged).92 
1.5 Taking Advantage of Molecular Photophysics in New Technologies 
The applications for fluorescent dyes are numerous, as has been stressed earlier. To 
illustrate where the field is heading, we now explore the photophysical rational for two 
cutting edge techniques studied later in this thesis. Singlet-exciton fission is pertinent to 
understanding triplet state dynamics. Super-resolution fluorescence microscopy requires 
a thorough understanding of how fluorescence can be reversibly switched on and off. 
Interest in both topics has expanded markedly over the past decade and both are linked 
by emission in the red region, which itself presents challenges for photophysical 
measurements. 
1.5.1 Singlet-Exciton Fission 
Singlet-exciton fission (SEF)93,94 is a form of exciton multiplication sometimes seen in 
organic chromophores whereby the singlet excited state can split into a pair of triplets 
possessing less than half the energy of the original singlet excited state. One 
fundamental condition for this process to occur is that two interacting chromophores 
have a singlet-excited state, S1, energy at least twice that of the lowest-energy triplet T1. 
Singlet fission competes efficiently with radiative decay in cases where the environment 
is favourable and neighbouring chromophores can interact. SEF was first observed in 
crystals of acenes (anthracene, tetracene, pentacene) in the 1960s95,96 and 1970s, but 
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there was little interest in exploiting the phenomenon. Singlet fission is now associated 
with enhanced intersystem crossing and triplet yields up to 200%. 
It is generally suggested that SEF is spin allowed under the scheme shown in Figure 1.13. 
One mechanism is based on the formation of a spin-correlated triplet pair, that 
dissociates into two equivalent triplet species.97 Since the energy gap between the S1 
and T1 states is so large in this case, it is logical to invoke rapid internal conversion to an 
intermediate energy state to account for the enhanced intersystem crossing. It has long 
been thought that charge-transfer states might play an important role in SEF. Indeed, 
more recently this has been established in some systems.98 For pentacene though, it is 
apparent that charge-transfer states lie well above the singlet and triplet excited states. 
This may not be the case in other systems. 
An alternative mechanism rationalizing efficient singlet fission in pentacene invokes 
super-exchange interactions, a form of indirect coupling which populates the triplet via 
virtual intermediate states (i.e., the high-energy charge-transfer states) with a single rate 
constant.99 Excimer formation has likewise been suggested as a very short-lived 
intermediate.100 In general for other SEF system, it appears these processes can be in 
competition. SEF does not happen in all systems where the energetic requirement is 
satisfied. The pigment indigo, perhaps the oldest known dyestuff, has been shown to 
satisfy the energetic demands for SEF, but other non-radiative processes, such as rapid 
internal conversion, appear to outcompete singlet fission in solution.101 
 
Figure 1.13. Scheme illustrating the formation of correlated triplet pairs by the process of 
singlet exciton fission. 
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During the past decade, interest in singlet fission has surged because effective 
harvesting of twice the number of triplets per photon increasing is envisaged as a means 
of increasing the number of charge carriers in organic solar cells or sensitizing a silicon 
solar cell.102 This would rely on effective separation of the triplet pair so as to achieve 
efficient charge separation in an organic solar cell. Alternatively, it has been envisaged 
that singlet fission compounds (which do not phosphoresce) could transfer excitons to 
emissive nanoparticles in an additional layer within a silicon solar cell, thus making 
better use of the solar spectrum. The exciton multiplication strategy is a means of 
overcoming the Shockley–Queisser limit of 33% solar cell power conversion efficiency of 
a single junction solar cell.103 
 
Figure 1.14. Scheme illustrating the energetic requirements for singlet fission in TIPS-
pentacene (left panel). The various systems in which SEF has been reported for 
pentacene and its derivatives is shown on the right. 
Current research into SEF revolves particularly around pentacene (where the process 
can occur spontaneously). Notable progress in exploiting SEF came when this process 
was observed in concentrated solutions of TIPS-pentcene.104 Further stimulus was 
provided by the observation of SEF when pentacene moieties were linked in 
bichormophores,105,106 resulting in intramolecular SEF (iSEF). In the latter case, the effect 
is no longer dependent on local order. Some conjugated polymers have also shown 
promise as singlet fission systems.107 Although pentacene is the best characterized 
singlet fission chromophore, its triplet energy has been difficult to identify with high 
accuracy. Older literature has however established the triplet energy at approx. 0.9 eV 
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by indirect comparison with other compounds.108 Addition of tri-isopropyl groups to 
pentacene is important in enhancing the stability of the compound and improving 
solubility, hence it is the most commonly used derivative.  
SEF in covalently-linked pentacene-based bichromophores has enabled study of the 
intramolecular process in dilute solution. This makes investigating such systems with 
optical spectroscopy more straightforward. Having a spacer group between the two 
singlet fission chromophores allows also for fine tuning of the effect, changing the 
amount of through-bond communication between the SEF units by restricting the 
geometry. Due to the vast number of SEF bichromophores based on TIPS-pentacene in 
particular, there is a wealth of information upon which to base observations on the likely 
mechanism behind iSEF. 
Although the mechanisms governing a dramatically enhanced rate of intersystem 
crossing have not yet fully been explained, a number of plausible justifications have 
been published for individual systems. Pentacene remains a popular basis for 
bichromophore SEF systems, but heterodimer systems have also been explored, as have 
other organic chromophores. This growth in the library of available singlet fission 
compounds will continue to contribute to the mechanistic understanding and no doubt 
see a push towards solar devices which exploit the effect, studies into which have been 
so far largely preliminary.109,110  
 
Figure 1.15. Examples of pentacene-based singlet fission compounds reported in the 
literature with corresponding triplet quantum yields.105,106,111,112. TIPS = tri-isopropylsilyl. 
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1.5.2 Super-Resolution Fluorescence Microscopy 
Super-resolution imaging of biological samples using fluorescence microscopy has 
developed quite dramatically over the past twenty years or so to the point where the 
field is rather well established.113-117 By definition, these techniques surpass the 
fundamental optical diffraction limit first described by Ernst Abbe in 1873.118 Although 
super-resolution microscopy itself is a far broader field, and nanometre resolution has 
long been routine in the semiconductor industry for example with electron microscopy, 
biomedical imaging is largely limited to fluorescence microscopy which allows for a non-
destructive, dynamic, imaging platform. 
Nanometre-scale fluorescence microscopy has been propelled forward by technical 
innovation in the form of new instruments which work attempt to circumvent the ~200 
nm lateral diffraction-limited resolution barrier. This has been accomplished in a variety 
of ways where a laser provides excitation of the fluorescent cell label. Confocal and two-
photon excitation microscopes contributed moderate refinements to traditional far-field 
microscopy without addressing the fundamental optical limitation. Progress was 
nonetheless made by removing out-of-focus light and axial resolution in particular was 
improved by imaging above and below the sample.119-122 Near-field microscopy affords a 
sizeable improvement in lateral resolution, down to tens of nanometres, by foregoing 
use of an objective. Instead, a pinhole detector on a sharp tip scans the surface of the 
sample. This is the case with SNOM/NSOM (scanning near-field optical microscopy).123 
Near-field techniques are, however, technically challenging to implement and limited to 
scanning surface features.  
A different optical method, stimulated emission depletion microscopy STED124, sharpens 
the point-spread function (the smallest spot a microscope can resolve) by stimulated 
emission of the fluorophore with a second high power excitation laser. Within the 
doughnut-shaped stimulated emission area most of the fluorophores are forced back to 
the ground state, leaving a very small spot of fluorescence at the focal point. With most 
of the fluorophores in the ground state, individual spots can be better localized without 
the problem of overlapping fluorophores blurring the image. Resolutions of tens of 
nanometres have been obtained with STED.114 
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More recently, the dominant strategy towards obtaining nanometre resolution has been 
to detect fluorescence from single fluorophores and reconstruct the image in a layered 
approach by stochastic activation of different subsets of fluorophores. Better-recognized 
single fluorophore detection techniques include photoactivated localization microscopy 
PALM, fluorescence photoactivation localization microscopy FPALM, and stochastic 
optical reconstruction microscopy STORM.115,125,126 Broadly speaking these far-field 
methods work by forcing the vast majority of fluorescent labels in a cell back to the 
ground-state using a single excitation laser. By now the most advanced techniques have 
obtained a lateral resolution of around 20 nm while an additional benefit is the 
possibility of three-dimensional imaging in combination with confocal methods.127,128 
Multi-colour methods, which utilize more than one type of fluorophore, allows for 
greater selectivity and has contributed to better imaging.114,117 This latter technique is 
limited by the availability of suitable fluorophores. 
 
Figure 1.16. Illustration of the principle of super-resolution fluorescnece microscopy. 
Image adapted from reference 131. 
 
27 
 
Various derivative super-resolution techniques utilizing either near-field or far-field 
localization methods now exist. Most are covered extensively in various review 
articles.116,129-132 To capture the smaller-cell structures in biological samples, one would 
ideally obtain as close to nanometre resolution images as possible. Single-fluorophore 
methods have shown promise in this regard. The diameter of the average organic 
fluorophores might be considered to be approximately 2 nm, which is perhaps the 
ultimate limit on image resolution. 
So far, standard fluorescent dyes have mostly been used in super-resolution techniques. 
Stochastic techniques, including PALM and STORM, rely on on/off fluorescence 
“blinking” of the labelling fluorophores.  These techniques seem to be dependent on the 
redox conditions imported by the accompanying buffer solutions which promote 
reversible fluorescence blinking. Commonly used small-molecule fluorophores include 
cyanine, rhodamine and ATTO dyes.133-135 For example, Cy3, Cy5 and Cy7 dyes as well as 
Alexa Fluor cyanine probes are used for STORM and PALM as they are known to undergo 
“photoswitching”. The STORM approach was originally implemented with two dyes (Cy3-
Cy5) alternately excited so that Cy5 dyes are deactivated with a red laser-pulse and 
fluorescence is re-activated via resonance energy transfer by exciting Cy3 with a UV-
pulse.115 Note that dSTORM has a simpler arrangement, namely deactivating only a 
single dye and relying on spontaneous fluorescence recovery of sparse subsets of 
fluorophores.136 In contrast, STED counts more on high fluorescence yields and 
resistance to permanent photobleaching under high energy excitation; ATTO dyes have 
therefore been singled out for this technique.114,137 Fluorescent protein probes are also 
used, particularly for PALM.125,128 
It is apparent that while fluorescence microscopy has developed rapidly, and some of 
the above techniques are certain to become mainstays in biomedical research with 
commercial setups now widely available, research into the fluorescent dyes has not 
received as much attention. In particular, the mechanism governing fluorescence 
blinking has not been rationalized fully. Cyanine dyes in the particular case of STORM 
imaging perform well in terms of fluorescence blinking and resistance to permanent 
photo-bleaching. Without a detailed understanding of how the use of a particular 
fluorescent dye leads to improved optical resolution, it is difficult to imagine how to 
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optimise systems with respect to photophysical properties. New dyes are being 
proposed as alternative fluorophores mainly on the basis of their absorption profile. This 
situation can only lead to confusion. Because the Newcastle Medical School has an 
advanced microscopy group, it seems logical to enquire whether we can improve the 
level of understanding about the role of the emissive dyes in one or more of these 
modern techniques. Assessing the above methods, STORM stands out as perhaps the 
most promising due to the rational control of emitters used to obtain a high-resolution 
image. For all single fluorophore localization methods, the resolution is limited by the 
number of photons detected per fluorescent spot. Since STORM is orientated towards 
the use of small organic fluorophores, more so than other techniques (PALM is 
associated more with fluorescent proteins and STED places high demands on stability 
against photobleaching), it seems reasonable to focus on developing an understanding 
of fluorescence blinking for this technique. 
1.6 Future Trends 
Organic dyes show great promise in opto-electronic applications. Organic light emitting 
diodes (OLED) in particular have become a successful technology, where small organic 
emitters and polymers form the basis of electroluminescent lights and displays.138 Both 
fluorescent and phosphorescent materials have been used.139 Recently, researchers 
have utilized delayed fluorescence in enhancing the efficiency of triplet emitters.140 
More exotic devices have emerged including organic semiconductor lasers.141 
The drive towards employing organic compounds in electronic devices is driven by a 
number of factors revolving around manufacturing and efficiency. Precious rare-earth 
triplet emitting complexes (Ru, Ir, Pt) although effective emitters (up to 100% due to 
increased spin-orbit coupling in OLEDs) are too expensive for sustainable usage. Organic 
semiconductors are solution-processable and can be made in thin, flexible layers. 
Favourable photophysical properties can lead to high efficiency and the library of 
organic emitters is growing rapidly. There is certainly a trend towards all-organic 
semiconductor based light-emitting and photon-harvesting devices in industry and this 
has been reflected in the amount of fundamental research. However, organic dyes are 
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more susceptible to photo-fading, which requires a fundamental understanding of 
photobleaching mechanisms in order to produce suitable countermeasures. 
The need for organic dyes absorbing and emitting in the red region is highlighted by the 
sections on fluorescence microscopy and singlet fission. For organic solar cells, 
generating excitons from photonic energy in the red is a strategy towards utilizing more 
of the solar spectrum.  
Overall, there will be an ongoing need to rationally design chromophores for absorption 
and emission because the requirements set by new technologies are becoming ever-
more specific. An observable trend has been the re-introduction of classic photophysical 
concepts such as delayed fluorescence and singlet fission to achieve these goals. Many 
new chromophores emit in the red region, where quantitative measurements of 
emission efficiency are hard to establish. This is considered to be a problem for devices 
such as OLEDs where knowledge of the overall light emitting efficiency is key to 
successful performance. 
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Chapter 2: Experimental Methods 
2.1 Materials 
Dye samples were obtained from various collaborators and were used as received after 
characterization and extensive checks for impurities. Many samples were analyzed with 
700 MHz 1H NMR as an additional check for purity. We thank Dr. Corinne Wills and Prof. 
William McFarlane for conducting these NMR experiments. Dr. Michael Hall (Newcastle 
University, School of Chemistry) is gratefully acknowledged for donating samples of aza-
BODIPY dyes. The equivalent BODIPY dye lacking the aza-nitrogen was donated by Dr. 
Raymond Ziessel (Universitѐ  ouis Pasteur de Strasbourg). The bridged bis-pentacene 
compound (BBP) and TIPS-pentacene were synthesized by Dr. Alparslan Atahan 
(Department of Polymer Engineering, Duzce University, Turkey). The series of cyanine 
dyes proposed as fluorescence quantum yield standards were donated by Dr. Heinz 
Mustroph (Few Chemicals GmbH, Germany). Aluminium phthalocyanine tetrasulfonate 
was donated by Dr. F. Hardy of The Procter & Gamble Co. Alexa Fluor 647 NHS ester was 
donated by Dr. Alex Laude (Newcastle University Medical School Bio-Imaging Unit) and 
originally purchased from Thermo Fisher Scientific. Brilliant Green was purchased from 
Acros Organics. 
Additional commercially available dyes were used for the purpose of fluorescent 
standards either for determining the fluorescence quantum yield or as a reference for 
frequency-domain fluorescence lifetime measurements. Such dyes include meso-
tetraphenyl porphyrin, cresyl violet, and Nile Blue. These dyes are well-characterized in 
the literature. Reference to critical photophysical values is made in the relevant 
chapters. 
All solvents used for spectroscopic studies were of spectroscopic grade and were 
checked for fluorescent impurities prior to use. Solvents were obtained either from 
Sigma Aldrich or Thermo Fischer and usually stored in the cold, shielded from light. 
Freshly distilled solvents were used for electrochemical measurements. 
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2.2 Experimental Error and Reproducibility 
Due consideration was given to minimizing experimental error throughout. Reported 
error values represent standard deviations of multiple experiments. This is the case for 
routine spectroscopic measurements such fluorescence quantum yield and fluorescence 
decay lifetimes. Fluorescence yield measurements for example were often run on more 
than one instrument, sometimes even with a complementary technique such as thermal 
blooming spectroscopy or using an integrating sphere. This is addition to running 
multiple measurements at different concentrations of dye in solution, as per a typical 
ratiometric fluorescence measurement. Fluorescence lifetime measurements were run 
multiple times and often using both TCSPC and frequency domain measurements 
(described later). Where values are obtained from fitting data to a model, the quality of 
the result is judged against visual inspection of model vs data, chi-squared values and by 
plotting residuals. Other sources of error such as the resolution limit of 
spectrophotometers and limits on accurately weighing out materials were considered 
where appropriate. 
2.3 Steady-State Absorption and Emission Spectroscopy 
UV-visible absorption spectroscopic measurements were performed either on a Hitachi 
U3310 or a Perkin-Elmer Lambda 35 spectrophotometer. Matched 1 cm quartz cuvettes 
were typically used for recording solution samples. Slow scan rates, with and a narrow 
slit width (<1 nm), were used to obtain high quality absorption spectra with a good 
signal to noise ratio. The typical concentration for the dyes examined here with molar 
absorption coefficients in the range of several tens of thousands was the micromolar 
range. Care was taken not to exceed an absorbance value of 1.5 under any circumstance 
as this constitutes transmission of only 3 % light. At higher absorbance, measurements 
become inaccurate. Routine molar absorption coefficient measurements were obtained 
using the Beer-Lambert Law (Equation 2.1) where   is absorbance (log of ratio between 
the incident light intensity (  ) and the intensity of light passing through the sample ( )). 
Concentration of sample is  , in mol dm-3. The cell path length   is in cm and  is the 
molar absorption coefficient where the units are mol-1 dm3 cm-1. Since special emphasis 
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is given to sample purity over quantity, it was not always possible to weigh out several 
separate stock solutions for absorption coefficient measurements. 
    
  
 
                                        
Fluorescence measurements were primarily recorded using a Horiba Fluorolog Tau-3 
spectrophotometer system as it has the highest quality optics available and utilizes dual 
grating monochromators, which minimize stray light. Two types of detector were used 
depending on the nature of the dye being examined. Where samples displayed 
fluorescence not exceeding 830 nm, a R928 photomultiplier tube (PMT) was used. For 
dyes emitting beyond this range, a water-cooled R2658P PMT was used. This extends 
the practical emission detection range to 900 nm. As the majority of dyes examined here 
are in the red region for fluorescence (650-800 nm), it is important to take careful note 
of the limits of detections for the instrument. As Figure 2.1 demonstrates, the detector 
response drops off precipitously towards the red region for the R928 detector (common 
in many commercial instruments). For fluorescence anisotropy measurements, the 
instrument’s built-in autopolarizers were used after following the manufacturer’s 
instructions for calibration. Corrected fluorescence spectra were obtained in all 
instances. Great care was taken at all times to ensure solution samples were properly 
dissolved in the solvent. This involves appropriate choice of solvent at the first instance 
and sonication of the sample to break up solids where necessary. Additional 
fluorescence measurements were recorded on a Hitachi F-4500 instrument. As a general 
rule, an excitation and emission slit width of 2.5 nm was used for solution samples and 5 
nm slits, if necessary, for solids and transparent films. 
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Figure 2.1. Spectral response curves for the two types of photomultiplier tube used to 
record fluorescence spectra. Graphs obtained from Hamamatsu Photonics. 
Fluorescence quantum yields measured on a fluorescence spectrophotometer were 
obtained using the classical comparative method1,2 whereby a well-characterized 
fluorescence standard was measured against the unknown sample fluorescence. Care 
was taken to choose a standard which had as closely matching fluorescence profile to 
the sample as possible. All measurements were repeated several times and samples 
were prepared in optically thin solutions to avoid artifacts due to the inner filter effect 
(absorbance at the excitation wavelength <0.08). Suitable cut-off filters were used to 
exclude stray excitation light and consideration given to tests for further artifacts from 
Raman and Rayleigh scattering. Fluorescence yields were always recorded in air-
equilibrated solution at room temperature for consistency unless otherwise specified in 
the relevant chapter. 
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2.4 Time-Resolved Absorption and Emission Spectroscopy 
Time-resolved spectroscopic measurements were used to obtain vital kinetic data, 
leading to a better understanding of the photophysical mechanisms governing the 
chromophores studied within. Time-resolved fluorescence measurements enable one to 
measure the fluorescence decay lifetime, s1, which is necessary for determining the 
nonradiative rate constant of a fluorophore. Transient absorption measurements allow 
for characterization of many species across timescales spanning piscoseconds to 
milliseconds. Transient species of particular interest here include radicals, triplet states 
and isomers. 
2.4.1 Fluorescence Lifetime Measurements 
Broadly speaking there are two established methods for determining the fluorescence 
lifetime of a fluorophore; namely, time-domain and frequency-domain measurements. 
Both obtain the same result but use very different approaches, although neither records 
the fluorescence decay directly as it happens.3,4 Time-domain measurements record 
fluorescence events as a function of time by obtaining signals from a large number of 
channels, each a specific delay after the excitation pulse. These are sometimes referred 
to as “bins”. The fluorescence decay can be imagined as being divided into a number of 
slices, each a signal measuring the number of photons at a given delay. The more 
channels recording photons at each delay, the more accurate the measurement. Time-
correlated single photon counting (TCSPC)5 is a common time-domain technique for 
determining the fluorescence lifetime and the primary method used in the work 
described in this thesis. It assigns each channel to a specific time. A high repetition of the 
excitation source (invariably a laser diode) sees the gradual build-up of individual 
photons detected at each channel. As the experiment progresses, a histogram of photon 
intensities at different time delays is built up, leading to a fluorescence decay curve. The 
time measurement is dictated by the excitation pulse, characterized by the instrument 
response function (IRF). The IRF is measured by recording emission from a scattering 
non-fluorescent sample, commonly colloidal silica or ethylene glycol, which establishes 
time zero.  
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Figure 2.2. Representative examples of single exponential fluorescence decay output by 
TCSPC (upper panel), and the phase modulation technique (lower panel). 
Frequency-domain fluorescence lifetime measurements involve continuous excitation of 
the sample with a sinusoidally modulated light beam.6 The phase and modulation of the 
fluorescence are measured at a series of frequencies (typically in 1-500 megahertz 
range). The greater the phase shift, the longer the lifetime. Fluorescence emitted will 
have the same sinusoidal character, but there will be a phase shift associated to it, 
corresponding to the fluorescence lifetime (Figure 2.3). Like TCSPC, the technique is a 
Fourier transform of the fluorescence detected. Although both methods should produce 
the same results, TCSPC has become more common due to advances in fast detector 
electronics and inexpensive laser diodes with short excitation pulse widths (down to 
picoseconds). In our work, TCSPC fluorescence lifetime measurements were performed 
using a PTI EasyLife2 single photon counting instrument with several short-duration laser 
diode pulse excitation sources spanning the UV-visible range (full-width half maximum 
of excitation pulse = 0.5 ns). Complementary phase modulated lifetime measurements 
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were performed using the Horiba Fluorolog Tau-3 system, where excitation was with a 
450 Watt xenon arc lamp. The excitation light is modulated with a Pockels Cell.  
In most cases, TCSPC was the method of choice. With both instruments analysis of the 
fluorescence decay data was performed with the software provided by the 
manufacturer, namely Felix32 and Datamax for the EasyLife2 and Fluorolog systems 
respectively. In nearly all cases encountered the TCSPC fluorescence decay data was 
fitted to a single exponential using a least-squares fit. The phase modulated technique 
uses a standard with a known fluorescence lifetime for instrument response. The work 
here used either colloidal silica (scattering sample, s1 = 0 ns), Nile Blue (s1 = 1.42 ns in 
EtOH)7 or cresyl violet (4.17 ns in THF measured in our laboratory) as a standard. 
 
Figure 2.3. Illustration of the principle behind frequency-domain fluorescence lifetime 
measurements. The modulation M is determined by taking the ratio of AC and DC signals 
for both the excitation and emission beams. 
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2.4.2 Flash Photolysis and Pulse Radiolysis 
Flash photolysis is a pump-probe experiment whereby the absorption of rapidly evolving 
photochemical intermediates can be tracked.8,9,10 The method was pioneered by Porter 
and Norrish in the 1950s and 1960s11,12 and became more popular with the advent of 
lasers, which could be used to excite the sample with a very short pulse and high 
intensity. Conventional laser flash photolysis allows for measuring the formation and 
decay of transient species from the nanosecond timescale to milliseconds. Nanosecond 
laser flash photolysis is particularly suited to measuring species such as triplets, radical 
species and isomers. Figure 2.4 shows a typical laser flash photolysis experimental setup. 
 
Figure 2.4. Block diagram of a conventional laser flash photolysis experimental setup. 
The flash photolysis setup involves two “pulses of light”. First the sample (liquid, film or 
solid) is irradiated by a short, high-intensity laser pulse (typically a few nanoseconds in 
duration). Immediately after the excitation pulse, a probe light (with a broadband 
spectrum, i.e. white light) is used to record the absorbance as one would with a steady-
state UV-visible absorption spectrophotometer. In essence the system is perturbed by 
an intense light burst and the reaction monitored until an equilibrium is restored. The 
output is a decay trace of the transient light absorbing species at a wavelength selected 
by a monochromator (Figure 2.5). Light is detected either by a photomultiplier tube or a 
charge-coupled device (CCD). By recording transient decay signals at numerous 
wavelengths, it is possible to build up a decay profile for an entire absorption spectrum 
where global analysis is used for interpreting the data (Figure 2.5 right-hand panel). 
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Global analysis of transient spectra can yield a wealth of kinetic information, which in 
turn builds a description of the excited state decay processes in a given system. 
 
Figure 2.5. Example data output from a nanosecond laser flash photolysis experiment. 
The left-hand panel shows a decay trace for the absorption feature centred at 510 nm in 
the red spectrum (right-hand panel). The individual red traces in the right-hand panel 
show evolution of the transient absorption spectrum over the time-scale of the trace in 
the left-hand panel. The black trace corresponds to the ground-state absorption. 
Nanosecond laser flash photolysis measurements in the work here were performed on 
an Applied Photophysics LKS-70 setup. The outline of the instrument matches that of the 
block diagram in Figure 2.4. Excitation was with a Nd:YAG laser at 1064 nm where the 
excitation pulse width was approximately 4 ns operating at a repetition rate of 10 Hz. A 
selection of excitation wavelengths was made available with the use of the second and 
third harmonic generators, allowing excitation at 532 and 355 nm respectively. An 
optical parametric oscillator (OPO) provided tunable excitation wavelengths from 610 to 
680 in principle when used in conjunction with the second harmonic generator. 
Detection was with a R928 photomultiplier tube. The useful time domain for flash 
photolysis experiments is from tens of nanoseconds to the millisecond range. 
Measurements involving long-lived triplet species always involved purging the sample 
from oxygen (unless there was a deliberate intention not to do so), which was done by 
bubbling the solution sample with dry N2 for at least 15 minutes using the capillary 
technique. Typical transient decay traces were averaged over at least 10 repeats. 
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To complement laser flash photolysis measurements of TIPS-pentacene and bis-
pentacene compounds additional pulse radiolysis experiments were conducted by 
collaborators, Sachiko Tojo, Mamoru Fujitsuka, and Prof. Tetsuro Majima at Kyoto 
University, Japan. Pulse radiolysis13,14  is a variation on laser flash photolysis where the 
excitation source is a high energy electron pulse from a particle accelerator instead of a 
laser. In this case benzene was ionized by the excitation pulse (27 MeV, 8 ns, 0.87 kGy 
per pulse from a linear accelerator at Osaka University), generating ionized benzene 
species. Recombination of the charged species generates triplet benzene15, which 
transfers triplet excitation energy to the analyte by triplet energy trasnfer16 in order to 
probe the sample’s triplet absorption characteristics. All samples were saturated with Ar 
gas for a minimum of 15 min before an experiment. The kinetic measurements were 
performed using a nanosecond photoreaction analyzer system (Unisoku, TSP-1000). The 
probe light was from a 450-W Xe arc lamp (Ushio, UXL-451-0), which was operated by a 
large current pulsed-power supply that was synchronized with an electron pulse. The 
probe light was passed through an iris with a diameter of 2 mm and sent into the sample 
solution at a perpendicular intersection to an electron pulse. The monitor light passing 
through the sample was focused on the entrance slit of a monochromator (Unisoku, 
MD200) and detected with a photomultiplier tube (Hamamatsu Photonics, R2949). The 
transient absorption spectra were measured using a photodiode array (Hamamatsu 
Photonics, S3904-1024F) with a gated image intensifier (Hamamatsu Photonics, C2925-
01) as a detector.   
2.4.3 Ultra-Fast Transient Absorption Spectroscopy 
Nanosecond laser flash photolysis experiments can yield a wealth of kinetic data on the 
molecular excited state. However such an instrument cannot detect sub-nanosecond 
processes, which eliminates many interesting transient species that might be involved in 
the reaction mechanism. The fluorescence decay lifetime of a typical organic 
fluorophore is usually between one and ten nanoseconds. Therefore, kinetic properties 
of the singlet excited state are lost in the conventional flash photolysis experiment 
described above because the excitation pulse width is longer than the lifetime of the 
singlet state. To record properties of the excited singlet state it is usually necessary to 
move to the picosecond timescale. In order to make such measurements, ultra-fast 
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transient absorption techniques are necessary.17 This is again a pump-probe experiment 
akin to laser flash photolysis, but the nature of the excitation laser is different. Ultrafast 
transient measurements use femtosecond lasers (10-15 s) to excite the sample, allowing 
detection of transient absorption on the sub-nanosecond timescale. This allows for 
observation of the singlet excited state absorption, its decay and formation of 
subsequent species such as the triplet-excited state. Intermediate species such as radical 
anions, cations, excimers and exciplexes can also be detected18, yielding yet more 
information on the nature of excited state dynamics. Again a wealth of kinetic 
information is obtained, analysis of which requires global methodology. 
Access to ultra-fast transient absorption measurements was provided by collaboration 
with Prof. Nikolai Tkachenko (Tampere University of Technology, Finland). The 
experimental setup is described in the scientific literature19, but the main components of 
the instrument comprise a mode-locked Coherent Libra F Ti:Sapphire 1 kHz femtosecond 
laser where excitation wavelength was tunable by a Coherent Topaz C optical parametric 
amplifier (OPA). The pulse energy was approximately 1 mJ with pulse width of 100 fs. 
The probe light was produced by generation of a white light supercontinuum from either 
water or sapphire. Detection was made with silicon photodiode array (ExciPro, CDP Inc.) 
in the UV-visible range and with an InGa diode detector for measurements in the near 
infrared region. Measurements with this technique record signals from 0 ps to 
approximately 6 ns achieved by an optical delay line. In contrast to the laser flash 
photolysis measurements on the LKS-70 system, which detects a decay at a single 
wavelength at a time, the ultra-fast system takes a snapshot of the entire transient 
spectrum at a given delay time. Multiple averages were run for each sample. Data 
analysis was performed with global fitting software developed at Tampere University of 
Technology. 
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Figure 2.6. Photographs of the picosecond transient absorption spectroscopy 
instrumentation used at Tampere University of Technology, Finland. The left-hand panel 
shows the laser and optical parametric amplifier. The right-hand panel shows the optics 
leading to the detector and the laser pulse delay line. 
2.5 Temperature-Dependent Spectroscopic Measurements 
Various experiments in the work reported here involve controlling the temperature of a 
sample. This has been accomplished in two ways for the 20 to 80 oC and 20 to -196 oC 
temperature ranges. Elevated temperature experiments were carried out using a 
circulating water bath (Grant LT D6G) connected to a heater block cuvette holder. Low 
temperature spectroscopic measurements utilized an Oxford Instruments Optistat DN 
liquid nitrogen cryostat, connected to an ITC temperature controller. In both cases care 
was taken to give the sample enough time to equilibrate at a given temperature (10 
minutes). Where a circulating water bath was used to warm a sample, a thermocouple 
was used to measure the temperature of the cuvette. 
2.6 Thermal Blooming Spectroscopy for Measurement of Fluorescence 
Quantum Yields 
The fluorescence quantum yield is a fundamental photophysical property and forms the 
basis of investigations throughout this thesis. Determining fluorescence yields accurately 
and consistently remains a great challenge though, despite advances in instrumentation 
and methodology. Although typically fluorescence yields are determined using the 
comparative method, where the fluorescence of a well-characterized standard is 
measured against the unknown sample, an alternative method was sought to 
complement these measurements. This was in part influenced by the shortage of 
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reliable fluorescence yield standards in the far-red region. It was decided to reintroduce 
the relatively unexploited method known as thermal blooming (aka. thermal lensing)20,21 
spectroscopy for determining absolute fluorescence quantum yields. Thermal blooming 
spectroscopy for the purpose of determining fluorescence yields was introduced by 
Magde and co-workers in the 1970s.22,23,24 Since then the method has not, despite being 
successfully demonstrated, been widely adopted. 
 
Figure 2.7. Diagram of the thermal blooming apparatus constructed to record 
fluorescence quantum yields. Key: A. laser, B. lens, C. shutter, D. sample cuvette, E. filter, 
F. photodiode detector, G. oscilloscope. 
The principle of using thermal blooming to determine fluorescence quantum yields is 
based on recording non-radiative decay as opposed to detecting fluorescence directly, it 
is effectively a calorimetric technique. When a fluorophore is excited with a suitable 
laser for a short duration (approx. 0.5 seconds), the non-radiative component of the 
excited state decay transfers energy to the solvent as heat, causing a local change in the 
solvent refractive index before equilibrating with the environment. This change in 
refractive index due to the heat gradient can be visualised as the defocussing (or 
blooming) of a laser beam expanded on a detector. Detection is with a silicon 
photodiode, which records the blooming laser spot as a current decay trace.  
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The heat dissipated into the liquid solvent can be determined by accurately measuring 
the absorbance of the sample at the excitation wavelength and knowing the power of 
the excitation laser. Equation 2.2 shows the relationship between the incident laser 
power   , transmitted laser power   , fluorescence    and heat generated by non-
radiative decay    . 
                                           
 
Figure 2.8. Representative example output data of a thermal blooming experiment for a 
chromophore in liquid solution. Red circles: raw data. Black line: experimental fit 
according to Equation 2.3. Inset, thermal blooming measurement followed until a 
steady-state equilibration has been achieved. 
Figure 2.8 shows an example of the output data from a thermal blooming experiment. 
Equation 2.3 is used to model the data where the fit produces a parameter θ, which is 
directly proportional to the radiant heat. By comparing the thermal blooming data 
collected to that of a non-fluorescent standard under identical conditions, one can 
associate any change in optical properties to changes in the solvent reservoir. This is 
assuming the solvent is totally transparent to the excitation beam and that no chemical 
reaction occurs during the experiment. Experimental traces can be analyzed in terms of 
Equation 2.322 to give a value for θ. Here    is initial laser intensity,   is time and    
describes the thermal diffusivity of the solvent (specific to the solvent). 
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With a value of θ determined for both the non-fluorescent sample and for the unknown 
under identical conditions, Equation 2.422 can be used to determine the fluorescence 
quantum yield   .   refers to absorbance for the reference and sample  and   
respectively.    is the mean fluorescence emission energy and the     is the laser 
excitation energy, in wavenumber, which account for the Stokes’ shift. 
The number of components required for a thermal blooming spectrophotometer is few 
and these are relatively inexpensive in comparison to a commercial spectrophotometer 
(Figure 2.7). The thermal blooming apparatus must have a cw laser with Gaussian mode 
TEM00 output at a wavelength appropriate for excitation of the chromophore. A plano-
convex lens is used to expand the laser beam onto the detector and a digital optical 
shutter used to expose the sample to the laser for a pre-determined time. A silicon 
photodiode detector and a digital oscilloscope are used to obtain data. It is also essential 
that the instrument be isolated from any vibration and that stray light from the 
surrounding environment is excluded. Also crucial is the location of the sample cell along 
the path of the laser beam. It must be centred at the point where the waist of the beam 
is uniform, otherwise known as the Rayleigh distance.25 In practice this can be optimized 
by adjusting the distance between lens and sample until the maximum thermal 
blooming signal is observed. 
All of these components are readily obtainable from commercial sources. Finally, an 
optical table is required for mounting the components. For this work an aluminium table 
130 cm long and 40 cm wide with adjustable 10 cm feet was machined. This provided 
the necessary flexibility for measurements. Slots and threaded mounting points were cut 
out along the length of the table so that each component could be positioned securely 
and with as much adjustability as possible for alignment purposes. Each component was 
mounted to an aluminium rod with some degree of height adjustment. The entire 
instrument is enclosed with a large acrylic case to exclude stray light. 
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Figure 2.9. Photographs of the thermal blooming spectrometer. 
Excitation was made with a cw laser diode (Coherent 3.0 mW; 635 nm; VHK Circular 
Beam Visible Laser Diode). A digital beam shutter (Thorlabs SC10) controls exposure of 
the sample to the incident laser beam. The photodiode detector used here (Thorlabs 
PDA100A-EC) has a detection range 400-1100 nm. The plano-convex lens used to expand 
the beam had a focal length of 10 cm. The detector must be sufficiently distant from the 
laser that the laser spot covers the entire detector surface. Output was recorded with a 
Tektronix DPO71254 digital oscilloscope. Brilliant Green was used as a non-fluorescent 
standard. All measurements were repeated in triplicate and experiments were typically 
repeated seven times. We thank John Corner and Gary Day of the Newcastle University 
School of Chemistry Mechanical Workshop for help constructing the thermal blooming 
instrument. 
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2.7 Variable Path Length Cell for Absorption and Emission Spectroscopy 
There are a large number of scenarios where it is beneficial to be able to change the 
path length of a solution cell for absorption and emission spectroscopy, the vast 
majority of cells being 1 cm glass or quartz cuvettes. It was deemed desirable therefore 
to have a solution cell which could have as wide a range of path lengths as possible, and 
fit as many applications as possible. To that end, a bespoke variable path length cell was 
constructed (Figure 2.10). 
 
Figure 2.10. Variable path length optical cell for absorption and fluorescence 
measurements. 
The variable path length cell is constructed as a threaded barrel, somewhat akin to a 
camera lens. There are two cylindrical halves which thread into each other, allowing a 
stepless adjustment of the path length between <0.5 mm and 4 cm. The thread was 
made so that one full turn of the barrel corresponds to an adjustment of 1 mm. 1 inch 
quartz discs obtained from Edmund Optics were used as the cell windows, which were 
compression fitted into PTFE (polytetrafluoroethylene) barrels, which form the inner 
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core of the cell. Two ports are at the top of the cell for adding/removing solution. The 
ports are disposable female Leur fittings, which allow for ease of cleaning and replacing 
parts to avoid cross-contamination. Two rubber (Viton) O-rings 26 mm internal 
diameter, 2 mm cross section are used to create a liquid-tight seal inside the cell 
between the PTFE inner barrel and the aluminium outer shell. 
Calibration of the cell path length was carried upon each measurement session. This was 
done in two ways: First by matching the absorption of a dye measured in a 1 cm cuvette 
to the variable path length cell, then by confirming the concentration of a known stock 
solution of Rhodamine 6G in ethanol using the Beer-Lambert law. We are very grateful 
to Gary Day (Newcastle University School of Chemistry Mechanical Workshop) for input 
on the design of the cell and for its construction. The variable path length cell also 
provides an alternative means of measuring a dye’s molar absorption coefficient where 
the concentration of dye is kept constant, but the path length varied. 
2.8 Steady-State Photobleaching Studies 
Photochemical bleaching studies were made using JCC Lighting Products IP66 floodlight 
operating at 400W at a distance of 85 cm to the sample. The sample was contained in 1 
cm a quartz cuvette and positioned in front of the lamp. A glass cut-off filter was 
inserted before the sample cell to eliminate heat and to prevent illumination by near-UV 
light. Absorption spectra were recorded at frequent intervals in order to monitor the 
course of reaction. The experiments were typically repeated several times, including 
samples that had not been deaerated. 
2.9 Fluorescence Recovery after Photobleaching: FRAP 
Fluorescence recovery after photobleaching is a technique developed in the 1970s26 
used for determining the rate of diffusion of fluorophores in a two dimensional plane. It 
is particularly associated with bio-medical research and used to measure diffusivity 
though cell membranes and tissues.27,28 FRAP instruments are in essence modified 
fluorescence microscopes. Here the technique was used to obtain information on how a 
fluorophore interacts with the solvent.  
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The FRAP experiment involves bleaching an area of fluorophores with high-intensity 
focused light (usually from a laser) and monitoring the recovery of fluorescence in the 
bleached area. The emission intensity is then followed while fluorophores diffuse back 
into the “hole” left in the wake of irradiation (Figure 2.11) allowing one to determine the 
translational diffusion coefficient of a fluorophore. A diffusion coefficient D is 
determined from the recovery of fluorescence. A method of analyzing the fluorescence 
recovery was developed by Axlerod et al.29, and is still used to this day. Equation 2.5 
describes the characteristic thermal diffusivity D, where  is the bleaching radius and   
a correction factor for the amount of photobleachng. The assumption is that bleaching 
of the fluorophores occurs in a two-dimensional disc. This provides us with a simple way 
to determine diffusivity of the fluorophore, which is related to how strongly the 
fluorophore interacts with the surrounding environment. In the experiments here we 
are talking purely about a solvent interaction. Further details on this experiment are 
found in Chapter 3. 
   
   
     
                         
 
Figure 2.11. Example of FRAP experiment output. The red trace records recovery of the 
photobleached spot. The black trace is the fluorescecne intensity of an unbleached area 
of the sample, used as a reference fluorescence level. 
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FRAP experiments were performed with a Nikon Eclipse Ti confocal microscope at x20 
magnification. Excitation was at 641 nm for aza-BODIPY and 560 nm for the non-aza 
BODIPY analogue. We gratefully acknowledge Dr. Alex Laude of the Newcastle University 
Bio-imaging Unit for access to the experiment. 
2.10 Super-Resolution Fluorescence Microscopy: STORM 
The theoretical principles behind stochastic optical reconstruction microscopy (STORM) 
are discussed in the introduction section.30,31,32 Here the imaging protocol used in 
Chapter 8 is described. The photo-blinking behaviour of Alexa Fluor 647 NHS ester was 
analyzed from imaging with the stochastic optical reconstruction microscopy technique 
(STORM)  using a Nikon N-STORM system based around a Nikon Eclipse Ti inverted 
microscope, 100x 1.49 Apo TIRF objective and Ixon DU-887 EM CCD camera (Andor).  
Excitation of the sample was made with a MPB VFL-P series, 647 nm 100 mW and 
Coherent Cube laser. Laser intensities were varied by an acousto-optical tunable filter 
(AOTF) as required. To increase contrast and minimize out-of-focus emission produced 
from mobile non-immobilised fluorophores, excitation was performed using the total 
internal reflectance fluorescence (TIRF) microscopy imaging technique which allows 
visualization of fluorophores located within 100-200 nm of the coverslip surface.  Images 
were captured at 256 x 256 pixel resolution and at a rate of 50Hz (16 ms exposure).  Any 
axial focal drift was corrected in real time by the  ikon ‘perfect focus’ system. 
2.11 Cyclic Voltammetry 
Electrochemical measurements were performed under a dry nitrogen atmosphere in 
anhydrous dichloromethane using a CH Instruments CHI600A potentiostat. Glassy 
carbon was used as a working electrode and platinum as the counter electrode. The 
reference electrode was Ag/AgCl. Ferrocene was used as an internal reference. 
Proprietary software was used for data collection.  
 
 
 
59 
 
2.12 Data Analysis 
2.12.1 Relative Fluorescence Yield, Radiative Rate Constant and Strickler-Berg 
Relationship 
Fundamentally the fluorescence quantum yield   is the ratio of the number of 
absorbed and emitted photons. Where fluorescence yields of an unknown sample ( ) 
were determined against a well-characterized standard ( ) Equation 2.6 was used.33,34,35 
  
    
 
       
       
              
              
 
  
 
  
                              
  refers to the absorbance,   the integrated fluorescence (the area under the 
fluorescence spectrum. The refractive index of the solvent is  . Where possible the same 
solvent was used for both sample and standard, as there has at times been debate in the 
literature regarding the validity of   correction for refractive index.36,37,38 It must be 
stressed that the conditions used to measure the sample and standard should preferably 
be identical (i.e. same excitation wavelength, same temperature, same settings on the 
fluorometer). 
Having obtained the fluorescence quantum yield    and singlet decay lifetime     by 
careful measurement, the radiative and non-radiative rate constants can be obtained 
easily by Equations 2.7 and 2.8.39 Here the units are in s-1. Knowledge of the radiative 
lifetime is useful for making comparisons upon modification of solvent, temperature, a 
quenching agent for example. Where there are extra non-radiative pathways, we can 
use the radiative rate constant as a marker for how the system has been perturbed. 
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A useful tool for relating the absorption spectrum to the radiative rate constant and 
comparing it to experimentally obtained measurements is the Stricker-Berg 
relationship.40 Where      is determined by experimental measurement of the 
fluorescence lifetime and fluorescence yield, the Strickler-Berg relationship (Equation 
2.9) estimates the radiative lifetime from the nature of the absorption and fluorescence 
spectra. There are a number of caveats to the radiative rate constant obtained from the 
Strickler-Berg equation though. It assumes absolute rigidity in the system between the 
ground state and excited state and solvent interactions are not accounted for, i.e. there 
is nothing to quench the excited state. For this reason the radiative rate constant is 
referred to in this case as the natural radiative rate   . It therefore tends to give more 
accurate estimates of      where the fluorophore is highly fluorescent with strongly 
allowed absorption transitions and good mirror symmetry between the absorption and 
emission spectrum with a small Stokes shift. 
 
  
                
     
  
  
  
                                   
In Equation 2.9   refers to the refractive index of the solvent,    
     
   is the mean 
fluorescence energy (which can substituted for the fluorescence maximum in some 
cases).    and    are the degeneracies of the lower and upper states respectively. For 
fluorescence measurements this ratio is 1. The integral term takes the area under the 
molar absorptivity ( ) absorption spectrum. To obtain the mean fluorescence one must 
obtain the reduced fluorescence spectrum by converting the emission wavelength to 
wavenumber (cm-1) and fluorescence intensity to 
         
       
. 
2.12.2 Spectral Deconstruction of Absorption and Emission Spectra – Rational and 
Relationship with Molecular Dynamics 
Absorption and emission spectra were routinely deconstructed into Gaussian-shaped 
components in order to obtain certain critical parameters such as the frequencies of 
nonradiative vibrational modes and the Huang-Rhys factor41,42, S, which approximates 
the strength of electron-phonon interactions. This S-factor (Equation 2.10) is a 
dimensionless quantity, which describes geometry changes in the excited state 
therefore is therefore related to the Stokes’ shift (SS). A large S-factor implies more 
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displacement between potential energy surfaces for ground- and excited-states and 
consequently a larger Stokes’ shift.43 A smaller S-factor is also indicative of extended π-
conjugation.44 Spectral deconstruction was done using commercially available software, 
namely PeakFit for Windows 4.0 by Jandel Scientific. 
                                        
The protocol for deconstructing a reduced absorption or emission spectrum was always 
based on fitting the spectra to the least number of Gaussian components where the 
resultant spectrum was in agreement with the original data with an R2 (describing 
goodness of fit) value of at least 0.999. It must then be possible to reproduce this set of 
circumstances reliably on successive attempts. Figure 2.12 shows an example of the type 
of analysis carried out with this methodology. It is important to note that the 
wavelength scale has been converted to wavenumber here. Absorption spectra are 
expressed in terms of wavenumber and molar absorption coefficient. Fluorescence 
spectra are reduced, i.e. emission energy in wavenumber (cm-1) and fluorescence 
intensity to 
         
       
. 
 
Figure 2.12. Deconstruction of the real absorption spectrum (left-hand panel) and 
emission spectrum (right-hand panel) for a Cy5 dye into a series of 4 Gaussian 
components. 
With the absorption and emission spectra so deconstructed, one can obtain the true 
Stokes’ shift (which is the difference in energy between the lowest energy Gaussian in 
the absorption spectrum and the highest energy Gaussian in the emission spectrum. The 
S-factor can be estimated from the ratio of areas of the two lowest energy Gaussians in 
the deconstructed spectrum.45 
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2.12.3 Analysis of Transient Absorption Spectra 
Transient absorption spectra were analyzed mostly with commercial software as 
mentioned previously. However, some situations required manual analysis. In particular 
it was found that fitting nanosecond laser flash photolysis decay traces manually to a 
first order decay (or other differential equations as necessary) using spreadsheet 
software such as Microsoft Excel was often more rigorous than relying on “black box” 
pre-programmed fitting routines. 
Determination of molar absorption coefficients for transient spectra also required 
manual data manipulation. This was done by taking the steady-state absorption 
spectrum and scaling it in magnitude such that when added back to the ground state 
bleach (which is a mirror image on the x-axis) no bleaching remained. At this point the 
appropriately scaled ground state spectrum could be directly compared with other 
absorption features seen in the transient spectrum (provided the absorption feature 
does not overlap with the ground state bleach). Assuming the molar absorption 
coefficient is known, the corresponding molar absorption coefficient of the transient can 
be estimated from a direct comparison of the heights of the absorption. This was used 
successfully used to estimate singlet- and triplet excited state molar extinction 
coefficients as well as certain light-induced isomers. Manipulation of spectra was done 
with freely available software.46 
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2.12.4 Computational Methods 
Quantum chemical calculations were made using various items of commercial software. 
Preliminary geometry optimizations were made with AMPAC 1047 using the PM6 semi-
empirical method48 with the COSMO solvation model.49 This method was used to 
generate input structures for subsequent DFT calculations, carried out with TURBOMOLE 
V7.0.6450 Geometry optimizations on ground-state structures was achieved using 
density functional theory with the CAM-B3LYP functional51 and the cc-pVTZ basis set.52 
To model the effects of solvent on the minimized geometries re-optimization was 
performed using the polarizable continuum model (IEF-PCM)53 and universal force field 
atomic radii with parameters set for a dielectric constant of 10. Benchmark studies were 
made using 1,1’-bi-2-naphthol as a model compound54 in order to ensure comparability 
with the literature. Eigenvalues for the HOMO and LUMO, and the subsequent HOMO-
LUMO energy gap, were computed at the B3LYP level with the 6-31G(d) basis set. 
Excitation energies were calculated by time-dependent density functional theory (TD-
DFT) Again, the CAM-B3LYP functional was used. Tight convergence criteria (e.g., 
maximum displacement of 6 x 10-7 and RMS displacement of 6 x 10-5) were applied to 
both ground and excited state calculations. Additional calculations for the excited-state 
geometries were made with configuration interaction determined using single 
excitations,55 including perturbative corrections for double excitations.56 
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Chapter 3: On the Origin of the Red-Shifted Optical 
Spectra Recorded for aza-BODIPY Dyes 
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3.1 Introduction 
As has been stressed in the main introduction, BODIPY dyes are well established in the 
scientific literature with their reputation cemented as being highly versatile, small 
fluorophores suitable for use in a wide range of applications from fluorescent indicators 
to biological probes.1,2 Those BODIPY derivatives analogous to the core structure (the 
unsubstituted parent boron-dipyrromethene core itself being unstable) have 
absorption/emission maxima centered at approximately 500 nm and a fluorescence 
quantum yield approaching unity.3 The optical properties of BODIPY dyes are readily 
modified by substitution at any position on the dipyrromethene backbone. Those 
BODIPY derivatives with red-shifted optical properties often have extended π-
conjugation where additional aryl or thiophene substituents are present.4,5 Such a 
strategy results in a shift towards the near-IR region, but comes with the penalty of a 
decreased fluorescence quantum yield. The trend is predicted by the energy-gap law 
since the S0 to S1 energy gap is smaller at lower energies of absorption/emission. 
Furthermore, additional nonradiative pathways are often present resulting from 
vibrational modes associated with the appended functional groups. 
A far less studied class of BODIPY is that possessing an aza-nitrogen at the meso-position 
instead of the meso-methine carbon, so called “aza- O IPY” (aza-difluoroboradiaza-s-
indacene).6,7 It has been reported in the literature that aza-BODIPY dyes possess 
substantially red-shifted spectra (ca. 100 nm red-shift due to aza-nitrogen alone) in 
comparison to the corresponding non-aza analogues. The electronic origin of this 
dramatic red-shift for aza-BODIPY has not been systematically investigated. While 
numerous aza-BODIPY dyes have been reported, many have extended conjugation due 
to the presence of ancillary aryl groups attached to the periphery, which contribute to 
red-shifted absorption/emission spectral profiles. Consequently it is difficult to resolve 
any spectroscopic shifts arising solely because of the aza-nitrogen atom. 
 
 
 
71 
 
Because of the considerable interest in dyes emitting in the red region, the aza-BODIPY 
dyes look to be promising candidates for use as bio-conjugate labels. It might be 
stressed that the red-shifted spectra are not associated with substantial changes in the 
Stokes’ shift. The present study accounts for the origin of the reported optical red-shift 
for aza-BODIPY through a detailed photophysical investigation of appropriate dyes. The 
target compounds correspond to two previously reported dyes BOD8 and aza-BOD9 
(Figure 3.1), which differ only by the presence of aza-N and para-methoxy on the 3,5-
phenyl substituents. Steady-state and time-resolved absorption/emission measurements, 
as well as computer simulations, are the primary means for data acquisition. 
Our results reveal that the aza-nitrogen atom has the effect of lowering the energy of 
the LUMO while having little or no effect on the corresponding HOMO energy. It is also 
noted that there is a significant decrease in the excited singlet-to-triplet energy gap, but 
no concurrent enhancement of intersystem crossing to the triplet manifold. The use of 
dyes emitting in the near-IR region has been discussed previously, indeed a water-
solubilized derivative of aza-BOD has been reported9, a potential probe for fluorescence 
microscopy. Similar systems have been proposed as near-IR probes and for use as 
sensitizers for photodynamic therapy.6,10 
 
Figure 3.1. Molecular formulae for BODIPY core structure (CORE) and the two derivatives 
studied here, BOD and aza-BOD. 
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3.2 Results and Discussion 
3.2.1 Steady-State Spectroscopic Measurements 
The room temperature optical properties recorded for both the aza-BODIPY dye and the 
corresponding non-aza analogue (henceforth referred to as aza-BOD and BOD 
respectively as per Figure 3.1) are summarized in Table 3.1. Both dyes are readily soluble 
in 2-methyltetrahydrofuran (MTHF), with no evidence of aggregation at the micromolar 
concentration range, and are highly fluorescent. The most notable result is the 100-nm 
red-shift observed for aza-BOD. The fluorescence quantum yield for aza-BOD was 
determined against a fluorescent standard with emission in the same region (meso-
tetraphenylporphyrin, F = 0.12 in DMF)
11 and with an appropriate detector (R928 
photomultiplier tube). The high fluorescence yield for aza-BOD shows how the absence 
of multiple flexible substituents around the dipyrromethene core is reflected in the 
photophysical properties, despite the relatively low emission energy. With BOD and aza-
BOD, there are relatively few nonradiative decay pathways brought about by stretching 
and twisting of styryl and aryl groups seen in other near-IR absorbing BODIPY 
derivatives.12 Room temperature absorption and fluorescence for the two compounds is 
depicted in Figure 3.2. 
 
Figure 3.2. Normalized room temperature absorption and emission spectra for BOD (left 
panel) and aza-BOD (right panel) in MTHF. The insets emphasize absorption features in 
the UV-region. 
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Table 3.1. Compilation of the spectroscopic properties recorded for the target dyes in 
MTHF at ambient temperature. 
Property BOD aza-BOD 
MAX / nm 549 ± 1 651 ± 1 
MAX / M
-1cm-1 62,100 ± 
5,000 
81,000 ± 
7,000 
f (a) 0.50 ± 0.04 0.58 ± 0.06 
FLU / nm 585 ± 3 680 ± 3 
F 0.92 ± 0.05 0.95 ± 0.05 
S / ns 6.6 ± 0.2 4.3 ± 0.2 
ESS / cm
-1 (b) 585 ± 25 395 ± 15 
kRAD / 10
7 s-1 (c) 13 ± 2 7.0 ± 1 
S (d) 0.20 0.12 
M / cm
-1 1,050 ± 
200 
1,375 ± 150 
L / cm
-1 530 ± 100 570 ± 100 
kNR / 10
7 s-1 1.2 ± 0.2 1.2 ± 0.2 
 (a) Oscillator strength calculated for the lowest-energy absorption transition; (b) Stokes’ 
shift calculated after deconstruction of the absorption and emission spectra into 
Gaussian components; (c) Radiative rate constant calculated from the Strickler-Berg 
expression; (d) Huang-Rhys factor calculated from fitting the low-temperature emission 
spectrum to a series of five Gaussian components. 
Time-resolved fluorescence decay curves are mono-exponential for both dyes and there 
is very good agreement between absorption and excitation spectra. The derived 
radiative rate constants (kRAD) are in reasonable agreement with those calculated on the 
basis of the Strickler-Berg expression13 (Table 3.1). Note that kRAD found experimentally 
for aza-BOD is relatively high for a BODIPY dye (22 x 107 s-1) especially when taking into 
consideration the low energy of the fluorescence transition. Nonradiative decay, as 
characterized by the corresponding rate constant (     
    
   
 , does not make a 
significant contribution to the overall excited-state deactivation under these conditions. 
An additional nonradiative decay pathway can be introduced for aza-BOD when a 
hydrogen-bonding solvent is present. Thus, when ethanol was added as a co-solvent at 
varying mole fractions in chloroform, the fluorescence yield clearly decreased with 
increasing amount of the alcohol. Where the fluorescence yield in pure chloroform is 
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0.94, this decreases progressively to 0.60 in pure ethanol. This is matched with a shorter 
fluorescence lifetime for aza-BOD in C2H5OH and CH3OH (S = 3.5 ± 0.2 ns). The apparent 
trend in fluorescence yield is suggestive of the involvement of a high-energy vibronic 
mode due to the N-H stretching vibration where hydrogen bonding occurs at the meso-
nitrogen atom. The effect is the same in water. The presence of hydrogen bonding will 
be corroborated later by way of spectral deconstruction, fluorescence anisotropy and 
experiments involving fluorescence recovery after photobleaching. 
 
Figure 3.3. Relative fluorescence quantum yields recorded for aza-BOD in chloroform at 
room temperature as a function of the mole fraction χ of added ethanol  
The absorption and emission spectra recorded for BOD and aza-BOD can be 
deconstructed into a minimum of five Gaussian-shaped components of common full-
width at half-maximum (fwhm). Examples of such deconstructions are show in Figure 3.4 
for spectra obtained at 77K in a rigid MTHF glass, due to the better resolved vibrational 
fine structure seen at lower temperature. From the relevant spectra, we note there are 
a number of vibronic satellites at higher energies. There are also weaker transitions seen 
in the UV-region of the absorption spectrum. Estimation of the Stokes’ shift (ESS) is also 
possible as a result of the spectral deconstruction of the room temperature absorption 
and fluorescence since the energy of the 0-0 transition is defined more clearly. Stokes’ 
shifts for both compounds are relatively small, indicating only minor structural 
distortions following excitation. We also obtain an accurate estimate for the red-shift 
between BOD and aza-BOD, this now being refined as 2,855 cm-1. 
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Figure 3.4. Low-temperature emission spectra in MTHF for BOD (top panel) and aza-BOD 
(lower panel) overlaid with the minimum number of Gaussian components necessary to 
fully reconstruct the spectrum. 
Table 3.2. Energies and relative weightings of the Gaussian components used to 
reconstruct the emission spectra of aza-BOD (left) and BOD (right). These data 
correspond to Figure 4. 
# 
Gaussian 
λmax /   
cm-1 
Rel. Area  # 
Gaussian 
λmax / 
cm-1 
Rel. 
Area 
 1 12631 0.01  1 15695 0.02 
2 13160 0.04  2 15974 0.06 
3 13545 0.05  3 16318 0.07 
4 14006 0.10  4 16745 0.14 
5 14576 0.81  5 17273 0.71 
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The spectral deconstruction analysis detailed above gives a quantitative description of 
those vibronic modes which accompany nonradiative deactivation of the excited state. 
This also allows for calculation of the Huang-Rhys factor14 (S-factor), which provides a 
measure of the strength of electron-phonon interactions and of the displacement 
between potential energy surfaces for the respective electronic states.15 A higher S-
factor is indicative of more displacement between potential energy surfaces for ground- 
and excited states16, and hence a larger Stokes’ shift. The S-factor derived for aza-BOD at 
77K (Table 3.2) is smaller than that for BOD, although both values are small and are 
indicative of π,π* transitions in conjugated systems.17 A smaller S-factor is also 
consistent with more extended π-conjugation.18 Indeed this corresponds to the 
observed red-shift seen for aza-BODIPY. At room temperature, the S-factor for aza-BOD 
increases to 0.26 which would be consistent with the greater degree of rotational 
freedom of the aryl substituents present on the BODIPY nucleus. 
It is clear that the Gaussian components derived for BOD (FWHM = 965 cm-1) are 
broader than those for aza-BOD (FWHM = 770 cm-1).  In both cases, spectral 
reconstruction requires the introduction of low- (L) and medium-frequency (M) modes. 
The low energy modes can be assigned to structural distortions of the dipyrrin backbone. 
High energy modes can be accounted for by stretching of C=C and C=N bonds during 
relaxation. The values of the vibronic transitions derived from the Gaussian 
contributions can be referenced against typical infrared absorption frequencies in 
organic compounds.19 One noteworthy difference in the vibronic progression seen with 
aza-BOD is a vibronic mode with a frequency of 1375 cm-1. The corresponding mode in 
BOD is 1050 cm-1. This difference could be rationalized as a difference in the way the 
dipyrrin backbone distorts in the two dyes. The higher frequency mode for aza-BOD 
would fall in the region associated with a C-N stretch, implying that aza-BOD has a 
slightly buckled backbone. The corresponding lower frequency mode in BOD is more 
suggestive of an alkene bending mode.19 The buckling of the dipyrrin unit in aza-BOD 
supports quantum chemical geometry calculations discussed later in this chapter. 
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Implementing the same spectral analysis for aza-BOD dyes in methanol, one can observe 
a high frequency mode of ca. 3100 cm-1. This feature can most probably be assigned to 
an N-H stretch associated with specific hydrogen bonding to the meso-nitrogen atom. 
This coincides with the moderate decrease in the fluorescence quantum yield and 
excited singlet lifetime noted above. Recovering the absorption and fluorescence 
spectra for aza-BOD in deuterated methanol, and once again implementing spectral 
deconstruction using the same parameters, there is little change in vibronic progression 
but the fluorescence lifetime of aza-BOD in deuterated methanol-D1 is 4.2 ± 0.2 ns. This 
increase in fluorescence lifetime for the deuterated solvent can be accounted for with a 
contribution from a lower frequency N-D stretching mode relative to an N-H stretch (one 
would expect the N-D stretch to have a frequency of approx. 2100-2600 cm-1).20 The 
absence of a perceivable change in the optical spectra of aza-BOD on moving to a 
deuterated solvent is consistent with this hypothesis. Moreover, the isotope effect on 
the fluorescence lifetime provides strong evidence for the notion of selective hydrogen 
bonding. 
3.2.2 Stability Against Photobleaching 
Photostability of organic dyes is of major concern for all compounds proposed for use in 
applications such as solar cells, laser dyes and fluorescent probes.21,22 The 
photostabilities of BOD and aza-BOD were tested in solution under steady-state 
illumination with light at wavelengths longer than 495 nm for BOD or 550 nm for aza-
BOD. The photobleaching kinetics were monitored by recording absorption spectra at 
regular time intervals. After 6 hours continuous irradiation with a 400 W floodlamp 
positioned 85 cm from a solution of the dye in a cuvette, approximately 30% loss of the 
aza-BOD chromophore in de-aerated N,N-dimethylformamide solution was recorded. 
Under comparable conditions, illumination of BOD for more than 12 hours caused no 
significant (i.e., <5%) bleaching of the sample. The presence of oxygen did not have an 
appreciable effect on the rate of photobleaching in either case. The bleaching process 
follows first-order kinetics (Figure 3.5), but does not lead to products detectable by UV-
visible absorption measurements. Light intensities at the two excitation regions are 
comparable. 
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There is no recovery of a partially bleached sample upon standing in the dark. Somewhat 
related aza-BODIPY dyes were found to exhibit similar levels of photoactivity in 
deaerated solution and it is clear that these compounds possess reasonably good levels 
of photostability; bleaching is too inefficient for quantum yield measurements. The aza-
N atom therefore appears to weakly promote instability under continuous illumination 
with visible light. 
 
Figure 3.5. Plot showing steady-state photobleaching of BOD (blue squares) and aza-BOD 
(black squares) monitored with absorption spectroscopy. The red line represents a fit 
assuming first order kinetics for aza-BOD predicting a rate constant for photobleaching 
of 6.0 x 10-7 M h-1 ± 10%. 
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3.2.2 Characterization of the aza-BODIPY Triplet 
BODIPY dyes are not normally known for having any appreciable yield of intersystem 
crossing into the triplet manifold. This is also the case for BOD and aza-BOD due to their 
high fluorescence quantum yields. It is possible, however, to induce transitions to the 
triplet state by promotion of intersystem crossing using an external heavy atom.23 Some 
similar compounds in the literature have employed this as an internal effect, by 
attaching iodine or bromine substituents to the BODIPY core, in which case triplet yields 
usually increase.24,25 To have a more complete description of the photophysics of aza-
BODIPY, it seems appropriate to characterize the triplet state. 
Nanosecond transient absorption measurements of aza-BOD in deoxygenated 
dimethylsulfoxide (Figure 3.6) gave no detectable triplet signal upon excitation at 610 
nm. On addition of 20% v/v iodomethane, however, a transient absorption signal 
centred at 660 nm was observed and assigned to the triplet (T1-T0) transition. This 
transient signal corresponded to a first-order bleaching of the ground state with a 
lifetime of 6.0 ± 1.2 s. Upon aeration of the same sample, the lifetime fell to 1.2 ± 0.06 
s. Aza-BOD in MTHF solution containing 50% v/v iodomethane also produced the same 
transient signal with a lifetime of 1.20 ± 0.06 s. The triplet energy was confirmed by 
detection of very weak phosphorescence at 77 K, again in the presence of iodomethane, 
with an emission maximum located at 775 nm. 
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Figure 3.6. Upper panel: Phosphorescence spectrum recorded for aza-BOD at 77K in an 
ethanol glass containing 20% v/v iodomethane. Lower Panel: Transient absorption 
spectra recorded for aza-BOD in MTHF containing 20% v/v iodomethane with laser 
excitation at 610 nm. The time resolved spectra were recorded at delay times of 1, 2, 10 
and 20 μs  The inset shows a typical kinetic trace recorded at 650 nm  
Based on the fact that phosphorescence was detected corresponding to the transient 
absorption signal at 660 nm, which is sensitive to the presence of oxygen as well as 
external heavy atom perturber, it is reasonable to associate these measurements with 
the triplet. The observed triplet energy is approximately 1.6 eV (i.e. 12,900 cm-1), 
therefore the singlet to triplet S1-T1 energy gap is determined to be 1,800 cm
-1. The 
corresponding triplet energy for non-aza BODIPY is very hard to determine due to the 
lack of intersystem crossing, but has been reported in the literature with 
phosphorescence emission at ca. 750 nm.26 Therefore the S1-T1 energy gap is 
significantly smaller in aza-BOD, yet there is no appreciable enhancement of the rate of 
intersystem crossing in the absence of spin-orbit coupling. 
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3.2.4 Anisotropy Data and Fluorescence Recovery after Photobleaching 
The steady-state fluorescence anisotropies for both BOD and aza-BOD were determined 
in glycerol between 20 and 60 oC.27 Results obtained from the fluorescence 
depolarization measurements are summarized in Tables 3.3 and 3.4. The anisotropy <r> 
is defined by Equation 3.1. Here   is fluorescence intensity with excitation and emission 
polarizers parallel to each other while    refers to the fluorescence intensity with the 
excitation polarizer horizontal and the emission polarizer vertical. The term   represents 
a correction factor for bias in the detector. 
     
       
       
                     
The time it takes for the fluorophore to tumble in the solvation sphere, the reorientation 
time   , can be derived from Equation 3.2. Where the fluorescence decay is a single 
exponential,    is the fluorescence lifetime,   the anisotropy and the limiting anisotropy 
   in a frozen solution. The limiting anisotropy was derived from the temperature 
dependence of the steady-state anisotropy, which displayed a linear relationship. 
    
  
            
                     
Given the structural similarities of the two fluorophores, the hydrodynamic radius of the 
molecule can be considered the same for both emitters. Despite this, there was a 
marked difference in the recorded fluorescence anisotropy. At room temperature, BOD 
had a measured anisotropy of 0.24 whereas for aza-BOD it was 0.29. Higher anisotropy 
values are associated with slower fluorescence depolarization (i.e., a slower molecular 
reorientation time).28 The result here is consistent with aza-BOD undergoing hydrogen 
bonding to the glycerol solvent, effectively increasing the volume of the tumbling 
chromophore and thereby resulting in a slower reorientation time. 
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Table 3.3. Steady-state fluorescence anisotropy data for BOD in glycerol. 
Temperature / 
OC Anisotropy <r> 
Viscosity of 
Glycerol / Pa s 
Reorientation 
Time τR / ns Error / % 
20 0.24 1410 12.3 0.2 
25 0.23 949 10.8 0.5 
30 0.21 612 8.9 0.5 
35 0.19 403 7.2 0.5 
40 0.17 284 5.5 1.0 
45 0.14 192 4.1 0.8 
50 0.11 142 2.8 1.2 
55 0.08 121 1.9 1.7 
60 0.06 81 1.2 1.8 
Table 3.4. Steady-state fluorescence anisotropy data for aza-BOD in glycerol. 
Temperature / 
OC Anisotropy <r> 
Viscosity of 
Glycerol / Pa s 
Reorientation 
Time τR / ns Error / % 
20 0.29 1410 16.8 2.2 
25 0.28 949 13.4 1.9 
30 0.27 612 10.9 3.3 
35 0.25 403 8.90 3.6 
40 0.23 284 7.2 2.5 
45 0.21 192 5.7 2.4 
50 0.20 142 5.2 2.6 
55 0.18 121 3.8 3.0 
60 0.16 81 3.3 3.4 
 
The same trend can be observed from complementary experiments made using a 
fluorescence microscope. Here, the technique is known as fluorescence recovery after 
photobleaching (FRAP).29 An intense laser beam suitable for exciting the sample causes 
permanent photobleaching of a small volume of sample under the microscope, allowing 
the time taken for the recovery of fluorescence into that spot to be monitored. Recovery 
of the fluorophores into the bleached spot occurs by one of two processes, flow and 
diffusion. Although the technique is more commonly used for determining whether 
fluorophores are immobilized in living cells, bleaching a spot in viscous media will allow 
the determination of the diffusion coefficient   using Equation 3.3.30,31 
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Here  refers to the bleaching radius while   is a correction factor for the amount of 
photobleaching. The bleaching radius can be determined directly from the instrument. 
We can set      as being the half-life taken for full recovery of the steady-state 
fluorescence (obtained from a simple three-point fit of the FRAP trace (Figure 3.7)). The 
assumption for these measurements is that the primary process of fluorescence 
recovery is due to diffusion into a two-dimensional disc with an area corresponding to 
the laser spot incident on the sample. Since the two dyes are studied in the same 
medium and the bleaching spot size is the same, this allows for a valid comparison of the 
two (flow is proportional to   and diffusion proportional to   ). In these calculations,   
is taken as 0.88 for a circular, Gaussian laser beam.31 Under standard experimental 
conditions, the derived diffusion coefficient is 0.32 m2 /s for aza-BOD where the 
equivalent value is 1.23 m2 /s for BOD. The perceived anisotropy in the diffusion of the 
two fluorophores can be rationalized in terms of hydrogen bonding to the solvent, which 
is consistent with the steady-state fluorescence anisotropy data. 
 
Figure 3.7. FRAP experimental traces for BOD (black trace) and aza-BOD (red trace). A 
reference area of the sample is also tracked during the experiment to reflect the change 
in intensity of fluorescence outside the area of photobleaching. 
 
 
 
00:00 05:00 10:00 15:00 20:00 25:00 
Fl
u
o
re
sc
e
n
ce
 In
te
n
si
ty
 
Time (min) 
84 
 
3.2.5 Quantum Chemical Calculations 
Quantum chemical calculations were performed in order to clarify the apparent 
differences in HOMO, LUMO and triplet energies for the two BODIPY dyes. Density 
functional and time-dependent density functional theory calculations were performed 
using a 6-31G(d) basis set with the CAM-B3LYP functional. The results are summarized in 
Table 3.5. The data presented here illustrate a consistent trend in excited state 
properties in general agreement with the prior experimental measurements.  
Table 3.5. Summary of the structural data derived from computer modelling of the target 
compounds in a solvent reservoir having a dielectric constant of 10. 
Property BOD aza-BOD 
 MAX / nm 533 619 
f 0.51 0.47 
TD / D 2.6 2.29 
S0T1 / nm 790 855 
EHOMO / eV -5.46 -5.31 
ELUMO / eV -3.19 -3.45 
C-X-C / 0 (a) 121.6 120.1 
N-B-N / 0 (b) 110.1 108.5 
F-B-F / 0 (c) 104.8 105.1 
N-C-aryl / 0 (d) 59 54 
C-X / Å 1.389 1.332 
N-B / Å 1.564 1.570 
X-B / Å (e) 3.031 3.029 
B-F / Å 1.380 1.377 
C1-C7 / Å 
(f) 5.921 5.696 
(a) Angle around the meso-site. (b) Angle around the boron atom. (c) Angle around the F-
B-F unit. (d) Dihedral angle between the dipyrrin unit and the appended aryl ring. (e) 
Distance between the meso-atom (C or N) and the boron atom. (f) Distance between the 
methyl C atoms appended at the 1,7-positions. 
The geometries of the two molecules show some consistent differences, namely in the 
fact that BOD is apparently a more planar molecule than is aza-BOD. With a dihedral 
angle of 590 for the 3,5-appended aryl groups for BOD, it is necessary for the dipyrrin 
backbone to distort. This is because there is a rotational barrier (E0) for reaching the 
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planar structure, which amounts to 15.9 kcal/mol, arising from repulsion between the 
ortho-H atom on the rotor and a fluorine atom (Figure 3.8). For both molecules there is 
an additional barrier of ca. 1.5 kcal/mol at 900 due to the loss of -electron 
delocalization when the aryl substituents are orthogonal to the dipyrrin unit. The 4-
methoxy substituent makes a small contribution to the disparity in rotational barriers 
noted between BOD and aza-BOD. The corresponding aza-BODIPY lacking this 
substituent exhibits E0 and E90, respectively, of 12.6 and 0.90 kcal/mol. Simulations of 
the unsubstituted aza-BODIPY show a slightly higher dihedral angle and at a value of 560, 
than found for aza-BOD (Table 3.5). Overall there is no clear structural feature 
accounting for the 4-methoxy substituent, suggesting an electronic effect has role.32,33 
 
Figure 3.8. Effect of dihedral angle on the total energy calculated for ground state BOD 
(left panel) and aza-BOD (right panel) in a solvent reservoir with dielectric constant  
equal to 10. 
The energy-minimized structure calculated for aza-BOD also shows a slightly distorted 
dipyrrin nucleus with a smaller bite angle around the aza-N atom. Insertion of the aza-N 
leads to a reduction in the overall length of the dipyrrin upper rim. This distortive effect 
can be illustrated by comparing the distances between the carbon atoms on C1 and C7 
appended methyl groups; the distance being reduced from 5.92 Å for BOD to only 5.70 Å 
for aza-BOD (Table 3.5). This observation is possibly supported by an associated C-N 
vibrational mode seen in the deconstructed spectra for aza-BOD (see earlier). The 
geometry around the boron atom shows a greater N-B-N angle for BOD. The mean 
dihedral angle for the 3,5-aryl substituents is marginally smaller for aza-BOD but for aza-
BOD there are reduced barriers for ring rotation (E0 = 11.2 kcal/mol; E90 = 0.70 kcal/mol) 
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(Figure 3.8). The variations in barrier energies are likely due to the change of geometry 
in the dipyrrin unit brought about by replacing C-H with N at the meso site. The larger C-
X-C and N-B-N angles seen for BOD stretch the molecule down the longest axis and 
result in changes to the 3,5-aryl substituent rotational barriers. For aza-BOD, the F-H 
distances are elongated relative to BOD, with values of 1.787 and 1.897 Å, respectively, 
but again the dipyrrin unit has to distort in order to accommodate this structure. 
The dihedral angles about the 3,5-aryl groups likely play an important role in 
determining the absorption and emission maxima of the two BODIPY dyes. Aza-BODIPY 
dyes having constrained aryl groups at the 3,5-positions, i.e. dihedral angles are close to 
zero, are known to have further red-shifted absorption and fluorescence transitions.12 
This observation follows on with the calculated HOMO-LUMO energy gap, which has 
been observed to be sensitive to the size of the dihedral angle in comparable dyes.34-36  
Far more than any other feature in aza-BOD, the aza-N atom has a large effect on the 
energies of both the LUMO and the HOMO (Table 3.5). In aza-BOD, the HOMO-LUMO 
energy gap is reduced to 1.86 eV, corresponding to an optical transition of 665 nm, 
which is very close to the experimental value. It is therefore the main conclusion here 
that the red-shifted absorption and fluorescence are as a consequence of the effect of 
the aza-N atom on the HOMO and LUMO energies. To a far lesser extent, the difference 
in dihedral angle of the 3,5-aryl substituents contributes to the red-shift. This effect is 
quite subtle since the dihedral angle for the aryl rings is reduced only from 590 to 540.  
Figure 3.9 shows how the energy of the HOMO and LUMO in BOD change as a function 
of the dihedral angle of the 3,5-aryl substituents. These simulations culminate in the 
energy-minimized geometry computed HOMO-LUMO energy gap as being 2.27 eV, 
corresponding to an optical transition of 546 nm. This is in excellent agreement with 
experimental observations and shows that an appreciation of planarity in aryl 
substituted BODIPY dyes is important in predicting the optical properties. It is notable 
that for aza-BOD the dihedral angle has more effect on the HOMO than on the LUMO 
energy. The angular effect on the HOMO energy is greatly enhanced for aza-BOD 
compared to BOD. The LUMO energy varies in a similar fashion for the two compounds. 
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For aza-BOD, the effect of increased planarity noted for aza-BOD corresponds to a red-
shift of ca. 10 nm.  
Calculations were also performed for the aza-BODIPY derivative lacking the 4-methoxy 
substituents. The resulting HOMO and LUMO at the energy-minimized geometry were 
found to be -5.45 and -3.52 eV, respectively. The HOMO-LUMO energy gap (E = 1.93 eV) 
corresponds to an optical transition of 643 nm. Therefore, we can conclude that the 4-
methoxy groups contribute a red-shift of around 22 nm. The effect of the dihedral angle 
(Figure 3.9) on the HOMO and LUMO energies follows the pattern established for aza-
BOD, again the effect on the HOMO energy dominating over the LUMO. 
 
Figure 3.9. Left panel: effect of dihedral angle on the calculated energies of the LUMO 
(green points) and HOMO (red points) for BOD. The inset shows the calculated HOMO-
LUMO energy gap (in units of eV) as a function of the same dihedral angle range. Same 
scheme for aza-BOD. 
Kohn-Sham contour plots37 indicate that the electronic distributions for the HOMO and 
LUMO for BOD are centred mainly on the BODIPY nucleus. For both dyes, a fraction of 
the overall distribution is off-loaded to the appended aryl rings at the energy-minimized 
configuration (Figure 3.10). It is also apparent that the influence of the meso-site plays 
little role in the HOMO (EHOMO), but is important for the LUMO (ELUMO). This is the case 
whether there is a methine-carbon or aza-nitrogen at the meso-position. With the 4-
methoxy substituent present on aza-BOD there is a lowering of the EHOMO, but in 
contrast little effect on the ELUMO. Also the HOMO of aza-BOD has more electron density 
drawn to the aryl substituents. As was pointed out above, altering the dihedral angle of 
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the 3,5-aryl substituent mainly effects EHOMO. This highlights the role of various 
substituents in fine-tuning orbital energies in BODIPY. 
Comparison of the calculated orbital energies with electrochemical measurements was 
not possible because some of the electrochemical processes were irreversible. For BOD, 
there is a reversible, one-electron oxidation step (E1/2 = 1.11 V vs SCE). The 
corresponding one-electron reduction step is electrochemically irreversible in CH2Cl2 and 
shows a peak potential of -0.98 V vs SCE. Electrochemical measurements with aza-BOD 
under identical conditions, show a reversible, one-electron reduction (E1/2 -1.00 V vs 
SCE), but oxidation involves an irreversible, two-electron step. 
 
Figure 3.10. Optimized geometries and HOMO/LUMO Kohn-Sham distributions for BOD 
(left) and aza-BOD (right). 
TD-DFT calculations show that the potential energy surfaces of the triplet-excited states 
are similar to those derived for the corresponding ground states. For the S1 surface, the 
aryl rings are more planar with the dipyrrin unit by ca. 50 and there are slight changes in 
geometry around the meso-site (Table 3.6). At room temperature (kBT = 208 cm
-1), an 
exciton at the S1 level can sample a wide variance in dihedral angle for aza-BOD, with a 
high fraction being able to traverse the barrier (E90 = 245 cm
-1) for reaching the 
perpendicular geometry. Due to the higher energy barrier for rotation of the aryl 
substituents noted earlier for BOD (E90 = 455 cm
-1), the S1 excited BOD has less of a 
chance to change geometry. This might explain the observation that under cryogenic 
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conditions aza-BOD undergoes a red-shift whereas BOD exhibits a small blue-shift on 
cooling to this temperature. 
The final set of calculations address the S1-T1 energy gap. It is clear that the relatively 
small S1-T1 gap is a feature brought about by introducing the aza-nitrogen. Table 3.6 
summarizes the structural parameters of the two dyes at the triplet state level. Indeed, 
manipulating the S1-T1 energy gap is an important design consideration for other 
photophysical processes such as delayed fluorescence and singlet fission.38 An aza-
derivative of pentacene has been considered as a singlet fission compound.39 Some 
compounds in the literature show a similar decrease in the S1-T1 gap due to insertion of 
an aza-nitrogen atom. For example, phosphorescence from the  , ’-diazapyrenium 
dication occurs some 15-nm to the blue compared40 to pyrene. The S0-T1 absorption 
transition computed41 for zinc(II) tetraazaporphyrin lies 0.07 eV to the blue of that 
calculated for zinc(II) porphyrin.  
Table 3.6. Structural parameters calculated for the target dyes at the ground state and 
excited state levels. Calculations in a solvent reservoir with dielectric constant of 10. 
Parameter BOD 
(S0) 
BOD 
(S1) 
BOD 
(T1) 
aza-BOD 
(S0) 
aza-BOD 
(S1) 
aza-BOD 
(T1) 
C-X-C / 0 121.6 121.7 119.2 116.2 119.6 116.8 
N-B-N / 0 110.1 109.1 107.7 108.3 107.3 106.0 
F-B-F / 0 104.8 106.8 106.7 105.3 107.1 107.2 
N-C-Ph / 0 59.3 55.4 60.2 54.1 52.0 57.3 
C-X / Å 1.398 1.389 1.403 1.332 1.330 1.364 
N-B  /Å 1.564 1.572 1.573 1.570 1.575 1.578 
B-F / Å 1.380 1.373 1.372 1.377 1.370 1.369 
X-B / Å 3.002 3.034 3.034 3.030 3.045 3.077 
C1-C7 / Å 5.921 5.932 5.930 5.700 5.701 5.697 
The S1-T1 energy gap is related to the extent of HOMO-LUMO spatial separation
42, which 
sets the mutual overlap and corresponds to twice the electron exchange energy.43 A 
greater overlap of HOMO and LUMO and a smaller spatial separation leads to an 
increase in the S1-T1 energy gap. Qualitatively speaking we can see from Figure 3.10 that 
a greater portion of the HOMO in aza-BOD is directed to the 3,5-aryl substituents, 
lowering the effective HOMO-LUMO overlap while simultaneously increasing their 
separation. Turning this concept into a quantitative description is difficult due to the lack 
of computational tools for the task. Transition density cube methodology has been 
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offered as a promising solution44, but more work is required to refine such concepts. 
Despite lacking quantitative information on the HOMO-LUMO separation, it appears 
likely that the change in orbital overlap between HOMO and LUMO accounts for the 
decrease in the S1-T1 energy gap reported for aza-BOD. 
3.3 Conclusions 
The present study has systematically evaluated the photophysical properties of a 
BODIPY dye against an aza-BODIPY analogue in an attempt to account for the large red-
shift in optical properties brought about by substituting aza-nitrogen at the meso-
position of the BODIPY core. The predominant cause for the reported red-shift is 
attributed to an effect of the aza-nitrogen atom on the LUMO energy and that the 3,5-
aryl substituents present in both dyes orient themselves in a way which has a bearing on 
the HOMO-LUMO energy gap. It is noted that the 4-methoxy substituents present in aza-
BOD but not BOD has an effect on the overall spectral red-shift, but the effect can be 
delineated from contributions due solely to the aza-nitrogen atom by way of 
computational methods. The presence of these substituents highlights the subtleties in 
fine-tuning the optical properties of aza-BODIPY, particularly by affecting the dihedral 
angle of the dipyrrin core and and any appended aryl-groups.  
It is important to note the decrease in S1-T1 energy gap observed for aza-BOD, which 
does not correspond with an in increase in triplet yield. The role of hydrogen bonding to 
the meso-N atom in aza-BOD was highlighted. From the perspective of applying the dye 
in bio-medicinal applications, say as a probe for fluorescence microscopy, it presents a 
potential obstacle. This is because the resultant N-H hydrogen bond activates 
nonradiative decay in accordance with the Englman-Jortner energy-gap law.45 The 
detrimental effect of this hydrogen bonding should not be over-emphasized on the 
other hand, since aza-BOD is exceptionally fluorescent for a dye emitting in the red and 
the dye remains relatively fluorescent in the presence of mildly hydrogen bonding 
solvents such as methanol and ethanol. 
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Strategies for inhibiting hydrogen bonding at the aza-nitrogen could be implemented to 
eliminate this problem. This might be accomplished by adding bulky substituents at the 
1,7 positions. The diminished fluorescence due to hydrogen bonding to aza-nitrogen 
could also be used to advantage in a probe to detect atomic hydrogen under catalyzed 
conditions. These dyes remain viable alternatives for applications in fluorescence 
microscopy and indeed a (poorly) water solubilized version of aza-BOD9 was measured 
and shown to have a fluorescence quantum yield of 0.12 in water. 
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Chapter 4: On the Triplet-Excited State of  
TIPS-Pentacene 
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4.1 Introduction 
Investigations into the triplet-excited states of organic chromophores have been 
pertinent since the seminal work of Lewis and Kasha, who first defined this meta-stable 
state as originating from spin-forbidden electronic transitions.1-3 Before their work, it 
was known only that, in certain organic chromophores, there were two disparate 
emission bands present at low temperature (one with a short lifetime and the second 
lifetime being milliseconds or even seconds). Phosphorescence had not been explained, 
at the time, by a quantum mechanics description. Indeed, from a mechanistic standpoint, 
both processes were fluorescence, because a change in spin multiplicity had yet to be 
invoked. Figure 4.1 is used to illustrate the luminescence from anthracene, showing both 
fluorescence and phosphorescence at low temperature. Aryl hydrocarbons have figured 
prominently in establishing the basic rules of photophysics, most notably because of the 
work of Birks, and are blessed with well-structured absorption and emission bands that 
aid analysis.4-6 
 
Figure 4.1. Steady-state emission spectrum of anthracene in a brominated polymer 
matrix. The black trace is fluorescence and the red is phosphorescence. Inset: decay curve 
for the phosphorescence shows this process occurs over tens of milliseconds. Figure 
adapted from reference 7. 
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Nowadays, the triplet state is a key concept in photochemistry, as it gives access to a 
relatively long-lived (at least in terms of diffusion in fluid solution), redox-active species 
for many different classes of molecule. Triplet excitons can be used to sensitize 
photochemical reactions; probably the best known example being benzophenone, 
where intersystem crossing from the singlet-excited state to the lowest-energy triplet is 
rapid and occurs with unity quantum yield.8 The resulting diradical will abstract a 
hydrogen atom from a suitable donor, such as an alcohol, to give the highly reducing 
ketyl radical.9 It is important to note from a historical perspective that the excited-triplet 
state gained immense importance following the introduction of the flash photolysis 
technique by Norrish and Porter. Indeed, the early instruments had limited time 
resolution but this was sufficient to monitor reactions of the triplet-excited state. Many 
such species were examined in deoxygenated solution, including triplet states of 
relevance to natural photosynthesis, and a catalogue of triplet-triplet absorption spectra 
began to evolve. 
Other examples highlighting the importance of the triplet-excited state are found in 
artificial photosynthesis and in certain areas of medicine. Many photochemical systems 
for hydrogen evolution, or water oxidation, make use of the water-soluble tris(2,2’-
bipyridyl)ruthenium(II) complex ([Ru(bpy)3]
2+) as a sensitizer, triggering photo-induced 
electron transfer from an electron donor or acceptor to a suitable catalyst.10-12 In the 
case of [Ru(bpy)3]
2+, the chromophore absorbs visible light between about 370 and 600 
nm, with a maximum at 450 nm. This latter transition corresponds to a spin-allowed, 
metal-to-ligand, charge-transfer state, which undergoes rapid intersystem crossing to 
the corresponding excited-triplet state. The triplet is long-lived in de-aerated water 
(over 1 s)12 and shows weak phosphorescence centred at around 600 nm. Such a long 
excited-state lifetime is sufficient for the dye either to be oxidized or reduced by suitable 
species. In the case of oxidative quenching by a sacrificial electron acceptor, such as the 
persulfate ion, the relatively stable [Ru(bpy)3]
3+ cation so produced can abstract 
electrons from water in the presence of a suitable catalyst.13 Much of our current 
understanding of the photophysics of luminescent transition metal complexes of this 
type is derived from the pioneering studies of Meyer.14 
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Systems based on organic dyes such as metallo-porphyrins, and to a lesser extent 
metallo-phthalocyanines, can be used for the same purpose due to their high triplet 
quantum yields.15 An important criterion to note is that whereas the singlet-excited 
state rarely gives charge-separated redox species by way of diffusional quenching, the 
triplet-excited state tends to favour charge separation. A photosensitizer, electron relay 
and catalyst form the basis of the well-known three-component system for 
photochemical water oxidation (Figure 4.2) or proton reduction.16 Unfortunately these 
systems rely on the use of a sacrificial electron donor/acceptor. 
 
Figure 4.2. Schematic illustration of how the triplet-excited state is populated in a model 
system, ruthenium(II) tris(2,2’-bipyridine). A scheme for photocatalytic oxidation of water 
is presented on the right. Note as a side reaction the reduced acceptor will decompose as 
well. Key: IC (internal conversion), ISC (intersystem crossing), F (fluorescence), P 
(phosphorescence). 
In photodynamic therapy, porphyrins or metallo-phthalocyanines are used to sensitize 
the formation of the reactive oxygen species known as singlet molecular oxygen.17,18 
This activation process occurs by way of triplet-triplet energy transfer from the 
chromophore triplet state to ground-state oxygen (which is also a triplet state). The net 
result is formation of singlet oxygen, with the chromophore being restored to its ground 
state. In principle, the sensitizer can recycle numerous times. The reactive singlet oxygen 
can attack cancerous cells and bacteria in situ but its lifetime is quite short and it needs 
to be generated close to the target. Nonetheless, photodynamic therapy is a useful 
alternative treatment for certain infections under illumination with light of an 
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appropriate wavelength as long as sufficient concentrations of molecular oxygen are 
present. The same process dominates in the photo-initiated fading of organic dyes. A 
good model example of this latter reaction is the common food dye Erythrosine, which 
generates ~100% triplet state from the S1 state.
19 In the presence of molecular oxygen, 
the resultant singlet oxygen will attack the dye, leading to loss of colour.20 Under these 
circumstances, one might wish to avoid using dyes with high triplet quantum yields or to 
ensure that the triplet lifetime is kept short. Organic dyes are particularly susceptible to 
quenching by molecular oxygen, which puts the emphasis on understanding the 
photophysical properties of functional chromophores. Such considerations are 
important for those investigating the use of organic dyes in opto-electronics, organic 
solar cells and light-emitting devices. 
There is no doubt that understanding the triplet-state dynamics for organic dyes in fluid 
solution is important given their numerous practical applications. If there is not a direct 
application for the triplet, then it will be a hindrance in most cases. Although it is more 
common to see the triplet state populated readily in transition metal complexes, such as 
[Ru(bpy)3]
2+, due to the increased spin-orbit coupling21 from the metal centre, there is a 
drive towards having sensitizers based entirely on organic molecules. These are 
inevitably more abundant and less expensive.22 In this chapter, we consider how the 
triplet-excited state is populated in organic dyes and how control of the prevailing 
conditions affects the rate of intersystem crossing. This follows from our investigation of 
the photophysics of aza-BODIPY where the S1-T1 energy gap was found to decrease on 
aza-substitution. We now move to the opposite end of the scale and consider the 
photophysics of pentacene, which is a member of the linear series of polyacenes known 
since the early work of Clar.23 The special, but not unique, feature of interest for 
pentacene is that the S1-T1 energy gap is very wide. In fact, the triplet energy falls below 
half that of the corresponding excited-singlet state and this situation facilitates the 
process known as singlet exciton fission. First recognized by Jundt et al.24 in thin films of 
microcrystalline pentacene, singlet exciton fission allows a singlet exciton to split into 
two triplet excitons, each localized on a separate molecule. For pentacene, this process 
occurs without activation and triplet yields up to 200% have been reported. This 
curiosity of molecular photophysics has gained tremendous appeal of late in terms of 
100 
 
the potential to increase the number of charge carriers in organic opto-electronic 
devices. Of course, singlet exciton fission demands the close proximity of two or more 
chromophores and was originally devoted to processes occurring in crystals. This has 
been extended to solid films and, quite remarkably, to concentrated liquid solutions. 
Further impetus was provided by the observation of Guldi et al.25 that singlet exciton 
fission could be engineered in carefully designed molecular bis-pentacene derivatives. 
Indeed, intramolecular singlet exciton fission has now been extended to other aryl 
polycycles such as rylene, tetracene, rubrene and diketopyrrolopyrrole derivatives, 
although details of the mechanism are still under debate and some systems need 
thermal activation.26-29 Pentacene nicely complements our work with aza-BODIPY and so 
here we look at triplet formation in solution phase. In a separate chapter, we present 
our own results relating to intramolecular singlet exciton fission in a bis-pentacene dyad. 
4.2 Results and Discussion 
The commercially available dye TIPS-pentacene (TIPS-P), for which the molecular 
formula is shown below in Figure 4.3, was synthesized by Dr. Alparslan Atahan of the 
Molecular Photonics Laboratory, Newcastle University, according to a previously 
reported procedure.30 The purity of this sample was confirmed by high resolution 700 
MHz NMR spectroscopy and by mass spectrometry measurements. 
 
Figure 4.3. Molecular formula for TIPS-pentacene (TIPS-P). 
 
 
101 
 
4.2.1 Steady-State Spectroscopic Measurements 
In common with many polycyclic aryl hydrocarbons, pentacene (Pc) is susceptible to self-
association in solution at modest concentration. It has limited solubility in most organic 
solvents, benzene and 1-chloronaphthalene being the most suitable solvents. It is also 
considered to be carcinogenic. Early reports have described the absorption spectral 
properties and have identified the lowest-energy, spin-allowed transition as being 
located at 17,000 cm-1. The corresponding excited-singlet state is of 1La configuration 
and the radiative lifetime in solution has been reported as 7 ns31, although later work 
increased this value to 22 ns.32 Interestingly, this study reported30 that intersystem 
crossing in pentacene is symmetry forbidden. Other features of the absorption spectrum 
recorded in nonpolar solvents locate the 1Lb state at 23,200 cm
-1 while the more intense 
transition to the 1B1u state is found at 33,050 cm
-1. The same study gave a calculated 
triplet energy of 7,700 cm-1, with the lowest-energy triplet-excited state being of 3La 
configuration. In nonpolar solvent, the fluorescence quantum yield was reported as 
being 0.08 and it was concluded that the main deactivation route for the S1 state 
involved internal conversion.  
 
Figure 4.4. Schematic energy level diagram for pentacene. Transitions seen in transient 
absorption spectroscopy are in green. Energy values obtained from references 31 and 33. 
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Porter et al.34 reported the triplet lifetime for pentacene to be 120 s in thoroughly 
outgassed benzene. For this experiment, a long (i.e., 20 cm) optical path length was used 
together with a 5 s flash lamp as excitation source. The very low concentration of 
triplet pentacene present under such conditions helps to minimize bimolecular 
quenching processes and, as a consequence, long triplet lifetimes are observed. Indeed, 
Lindquist et al.35 studied triplet pentacene at higher concentrations and observed 
quenching by both ground-state Pc and triplet-triplet annihilation (vide infra). This 
investigation reported the effect of temperature on the triplet decay rate where 
excitation was made with a 4 s white-light pulse and the solute concentration was 
around 3 M with a path length of 20 cm. The solution in benzene was thoroughly de-
aerated by the freeze-pump-thaw protocol. The first-order decay rate constant for 
triplet pentacene was determined to be 1.43 x 104 s-1 (i.e., T = 70 s) and independent 
of temperature over a wide range. Self-quenching by ground-state Pc was evident with a 
bimolecular rate constant of 3.6 x 108 M-1 s-1. Interestingly for our work, triplet-triplet 
annihilation was observed with a bimolecular rate constant of 1.1 x 109 M-1 s-1. It was 
considered31 that this latter value was anomalously low when compared to other 
aromatic molecules under the same conditions. This effect was attributed to the 
relatively low triplet energy of pentacene. Finally, Lindquist et al.35 estimated the molar 
absorption coefficient for triplet pentacene at 505 nm to be 120,000 M-1 cm-1, on the 
basis of complete conversion of the ground state into the triplet.  Both Porter and 
Lindquist observed the main T1-Tn absorption transition to be located at 505 nm.  
Further work by Lindquist et al.36 aimed to establish the quantum yield for formation of 
the pentacene triplet-excited state. This experiment concluded that the triplet state was 
generated with a quantum yield (T) of 0.16 in de-aerated 1-chloronaphthalene solution. 
It is difficult, however, to prevent recycling of the chromophore under these conditions 
because the excitation pulse had an average FWHM of ca. 500 ns (1-12 mJ per pulse 
delivered with a tunable dye laser). Under these conditions, the excited-singlet state is 
expected to absorb several photons and thereby amplify the population of the meta-
stable triplet state. The reported triplet yield,36 therefore, should be treated cautiously; 
a further problem concerns the molar absorption coefficient of 9,900 M-1 cm-1 used to 
calculate the triplet concentration, as determined by complete bleaching of the 
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chromophore. This latter value differs markedly from the 120,000 M-1 cm-1 reported35 
elsewhere. 
Because of the great interest being shown in singlet exciton fission, where measuring 
the triplet yield requires accurate knowledge of the underlying photophysical properties, 
it is important to quantify the processes leading to excited-state deactivation under 
controlled conditions. This is our intention here but, to overcome any limitations of poor 
solubility, we have used TIPS-P rather than pentacene. The photophysical properties of 
TIPS-P are available in the literature37, but several important parameters need further 
scrutiny. Indeed, in recent years, TIPS-P has become the preferred Pc derivative due to 
its enhanced solubility in organic solvents and greater stability against photo-induced 
dimerization in the presence of oxygen.38 In summary, Table 4.1 compiles the results of 
our studies made with TIPS-P in toluene at room temperature. The findings are in 
general agreement with previously reported results. In particular, absorption (ABS = 643 
nm) and fluorescence (FLU = 650 nm) maxima match expected values (Figure 4.5) while 
the fluorescence quantum yield (F = 0.75) is high in dilute (i.e., M) aerated solution. In 
de-aerated toluene solution the fluorescence yield increases to unity. The fluorescence 
spectral profile sharpens and undergoes a slight red-shift on cooling to 77K in                    
2-methyltetrahydrofuran solution (Figure 4.6). The excitation spectrum was found to 
agree well with the absorption spectrum over most of the visible region.  
A Beer-Lambert plot for TIPS-P in toluene is linear over quite a wide concentration range 
(Figure 4.5). Indeed, there is no evidence for aggregation of the chromophore at 
concentrations below 10-4 M. This range covers that used in our photophysical 
investigations. The resistance towards self-association might be attributed to steric 
effects imposed by the TIPS units but it should also be stressed that the ethyne groups 
could perturb the electronic properties of the chromophore (vide infra). We now outline 
how these results were obtained and where inconsistencies might exist. 
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Figure 4.5. Steady-state absorption and fluorescence spectra for TIPS-P (2 M) in toluene 
solution. The excitation spectrum is overlaid on the absorption spectrum with circles. 
Inset: Beer-Lambert plot showing the molar absorption coefficient of the dye. 
 
Figure 4.6. Low-temperature emission spectrum of TIPS-P obtained at 77K in an MTHF 
glass (black trace) overlaid with the room temperature spectrum (red trace). 
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4.2.2 Transient Absorption Spectroscopy 
The excited-singlet state lifetime (S) is 22 ns in deoxygenated toluene but falls to 15 ns 
on aeration when measured by time-correlated, single photon counting (635 nm laser 
excitation). Ultrafast laser ( = 590 nm, FWHM = 150 fs) excitation of TIPS-P in toluene 
solution provides the differential absorption spectrum for the first-allowed, excited-
singlet state (S1). This spectrum is contaminated with stimulated emission and strong 
bleaching of the ground-state absorption bands (Figure 4.7). Correction for these effects 
gives the absolute S1-Sn absorption spectrum, with a derived molar absorption 
coefficient (MAX) of 36,000 M
-1 cm-1 at 453 nm, as determined by iterative spectral curve 
fitting. To obtain this value, it was assumed that the transient differential absorption 
spectrum at early times (i.e., before significant deactivation has occurred) is compiled 
from ground-state bleaching, stimulated emission and excited-state absorption. 
Furthermore, we assume that the spectral signature for stimulated fluorescence is 
equivalent to that for normal emission and that there is no significant contribution from 
anti-Stokes emission. On this basis, iterative reconvolution of the observed spectrum 
together with the inverted fluorescence and excitation spectra leads to the best 
estimate for the “true” excited-state absorption spectrum. Comparison of the ground-
state bleaching with excited-state absorption, in conjunction with the absence of triplet 
population at this time, allows estimation of the molar absorption coefficient for the 
excited-singlet state. This procedure was used for multiple spectra and at different delay 
times in order to establish an average value for MAX. It might be noted that transient 
differential absorption spectra for the S1 state of TIPS-P reported in the scientific 
literature25 are in good agreement with that given in Figure 4.7. However, less attention 
has been given to the molar absorption coefficient of the S1 excited state spectrum.  
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Figure 4.7. Transient differential absorption spectra recorded for TIPS-P in aerated 
toluene following excitation with an ultra-short laser pulse. The concentration was kept 
in the low M range where singlet exciton fission is not expected. The steady-state 
fluorescence is overlaid to highlight the stimulated emission seen at about 700 nm. 
Sections of the ultrafast transients have been removed due to pump light scatter. 
Under the conditions of the experiment, the S1 state returns to the ground state with a 
lifetime of ca. 12 ns in aerated toluene; this lifetime being in acceptable agreement with 
that determined by time-correlated, single photon counting. The triplet state is not 
detected under these conditions. Reportedly, it is only when the concentration of TIPS-P 
is in excess of 1 mM that the triplet yield increases above a few percent.37 The optical 
properties of such a strongly absorbing solution are not easily examined with 
conventional transient spectroscopy and require the use of short path lengths. We 
found no discernable difference in the appearance of the transient absorption spectra 
when changing the solvent from toluene to tetrahydrofuran (THF). It should be 
emphasized that the maximum delay time for these studies was 6 ns and therefore the 
transient decay records are dominated by residual S1-Sn absorption. It is inappropriate to 
conclude, on these spectral studies alone, that triplet population is ineffective for TIPS-P. 
107 
 
Excitation of TIPS-P in de-aerated 2-methyltetrahydrofuran (MTHF) with a 4-ns laser 
pulse delivered at 532 nm (80 mJ) also generates the characteristic S1-Sn differential 
absorption spectrum. Under these conditions, no triplet state is observed on timescales 
up to a few hundred nanoseconds. Addition of iodoethane (20% v/v), which quenches 
fluorescence from TIPS-P by way of a non-linear Stern-Volmer plot (vide infra), promotes 
intersystem-crossing to the triplet manifold. Now, transient absorption spectroscopy 
clearly shows the presence of a long-lived meta-stable species that displays a well-
defined absorption band centred at 505 nm. This latter transition corresponds to the 
differential absorption spectrum previously assigned for Pc as being the T1 to T3 
transition (Figure 4.8).39 
 
Figure 4.8. Transient differential absorption spectrum recorded for TIPS-P in deaerated 
toluene in the presence of 20% v/v iodoethane following excitation with a 4-ns laser 
pulse at 532 nm. 
The derived nanosecond differential absorption spectrum resembles that reported by 
Porter et al. in the 1950s3 using pentacene and is ascribed to the triplet-excited state. 
Our spectra remain in general agreement with literature reports. While the triplet 
lifetime (T) measured in deoxygenated toluene is ca. 10 s; the actual value being 
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highly sensitive to the level of residual molecular oxygen. The triplet decays via first-
order kinetics to restore the pre-pulse baseline at low excitation energies. The triplet is 
quenched by addition of oxygen with a bimolecular rate constant of 1.1 x 109 M-1 s-1. 
This value is below the diffusion controlled rate limit for toluene at room temperature 
(1.1 x 1010 M-1 s-1).40 Oxygen quenching of the singlet-excited state is effectively 
diffusion-controlled. Both these observations are in line with expectations where 
molecules with low triplet energies are expected to be quenched at 1/9th the diffusion 
controlled bimolecular limit, due to spin restriction rules.41 
 
Figure 4.9. Decay of the TIPS-pentacene triplet absorption band centred at 505 nm seen 
in Figure 4.8 (inset: semi-log plot of decay shows conformity to first-order kinetics). The 
rise time at the beginning is due to saturation of the detector with strong fluorescence. 
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Figure 4.10. Left panel: fluorescence quenching of TIPS-P fluorescence with concentration 
of iodoethane in MTHF (solid line is a fit corresponding to a static quenching model).42 
Right panel: triplet decay rate in MTHF plotted against concentration of dissolved 
oxygen.40
 
In principle, the effects of an external spin-orbit promoter can be used to estimate the 
triplet quantum yield under any particular set of experimental conditions. This requires 
certain assumptions to be raised. The main condition to be imposed is that fluorescence 
quenching leads directly and quantitatively to triplet population. Thus, varying the 
concentration of iodoethane leads to a progressive decrease in F and a corresponding 
increase in the triplet quantum yield (T). The decrease in F is exactly balanced by the 
increase in T. Now, by calibrating the laser excitation energy using zinc meso-
tetraphenylporphyrin, and the parameters established by Linschitz et al,43 we can 
convert the absorbance change for the triplet state at 505 nm to a concentration change. 
Doing so for a series of iodoethane concentrations leads to an estimate for the molar 
absorption coefficient of the triplet state (TRIP) at 505 nm of 72,000 M
-1 cm-1. In many 
cases, our estimate for TRIP would be acceptable, naturally it falls between the two 
limits for TRIP reported for Pc, but this is not the case for singlet exciton fission where 
the triplet yield needs to be measured with high precision. The assumption that the 
external heavy-atom effect leads exclusively to enhanced triplet population is an 
obvious weakness. Attention turned, therefore, to other ways to determine TRIP for 
TIPS-P in fluid solution. Initially, we attempted to use a very dilute solution of TIPS-P in 
benzene and completely convert the ground state into the triplet but the incident laser 
flux proved to be insufficient. 
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The triplet differential absorption spectrum was also recorded by pulse radiolysis of 
TIPS-P in deoxygenated benzene solution (Figure 4.12). This work was carried out in 
collaboration with Prof T. Majima and his group at Osaka University [We thank the RSC 
and Newcastle University for providing the travel grant that facilitated visiting Osaka 
University]. Now, the triplet state is produced via electronic energy transfer from the 
benzene triplet state generated at the end of the pulse of ionizing radiation (Figure 4.11). 
Details of the methodology are provided in the experimental methods chapter and 
outlined here. Ionizing radiation is absorbed by the solvent and, within the 8-ns pulse, 
generates the respective benzene radical ions. These ions undergo geminate 
recombination on a fast timescale to generate a mixture of benzene singlet- and triplet-
excited states. As is now well known in the field of organic-based OLEDs, three triplet 
species are produced for each singlet species. In fact, the singlet-excited state of liquid 
benzene in an inert solvent such as cyclohexane has an average lifetime of 30 ns while 
the lifetime of the excited-triplet state is highly concentration dependent. This latter 
value falls from 470 ns in dilute cyclohexane to only 26 ns in pure benzene.44 None-the-
less, at high solute concentrations, singlet-singlet and triplet-triplet energy transfer 
occurs to generate the excited states of TIPS-P (Figure 4.12). By measuring the 
absorbance at 505 nm versus solute concentration, it should be possible to completely 
trap the benzene excited states. However, very high concentrations of TIPS-P are needed 
to ensure that energy transfer competes with decay of the benzene excited states and 
we cannot be sure that the reaction is quantitative. 
It is possible to determine the average radiation dose delivered in a pulse using a 
standard dosimeter, in our case benzophenone (TRIP at 530 nm is taken as 7,220 M
-1    
cm-1).45 The concentration of benzophenone (BP) was varied to ensure complete 
trapping of the excited-state benzene molecules; the appropriate concentration was <5 
mM. The ratio of initial absorbance values for the excited-singlet at 453 nm and the 
excited-triplet at 505 nm, measured for TIPS-P, is approximately 0.55. Now, the same 
ratio of molar absorption coefficients for the corresponding differential absorption 
spectra in toluene solution, as reported by Guldi et al., is ca. 0.57. This means that the 
concentrations of excited-singlet and excited-triplet states of TIPS-P produced by pulse 
radiolysis are roughly equal.  
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Figure 4.11. Schematic representation showing pathways to generating the triplet in 
TIPS-P (TPc) by pulse radiolysis46 (top) and by using an external heavy atom perturber 
(bottom). 
 
Figure 4.12. Transient absorption data for TIPS-P from pulse radiolysis experiments in 
toluene (1.2 mM concentration). At early times the excited singlet state can be seen (red 
trace). 
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Figure 4.13. Normalized TIPS-P triplet spectra in deoxygenated toluene generated by 
pulse radiolysis and laser flash photolysis (with 20% v/v iodoethane) at 5 s. 
The triplet differential absorption spectra obtained on exposure to ionizing radiation and 
by laser flash photolysis agree quite well (Figure 4.13). It is clear that the spin-orbit 
promoter catalyzes intersystem crossing to the triplet manifold. Comparing TRIP 
measured by the two techniques shows the two values to be in good agreement, with 
the higher value being obtained using a spin orbit promoter. This suggests that 
iodoethane promotes internal conversion from S1 to S0 states as well as catalyzing 
intersystem crossing. The triplet lifetime recorded under ionizing radiation, which is free 
from any effects associated with the heavy-atom spin promoter, is 20 s in de-aerated 
benzene. Using TRIP measured by pulse radiolysis in conjunction with the laser flash 
photolysis studies made in the absence of iodoethane, we conclude that the quantum 
yield for direct formation of the triplet-excited state in TIPS-P is less than 3%.  
A third way to determine TRIP for TIPS-P is to employ a triplet sensitizer of appropriate 
excitation energy. Sensitizers that immediately spring to mind as potential energy 
donors are zinc(II) tetraphenylporphyrin (ZnTPP) and benzophenone (BP) because of 
their well-characterized photophysical properties. However, the main difficulty with 
these sensitization experiments is to identify an excitation wavelength that allows 
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unique illumination of the sensitizer. Our original experiments used Zn-TPP in de-
aerated toluene. Although triplet-triplet energy transfer was observed for this system, 
quantitative measurements were unconvincing because of strongly overlapping 
transient spectra. We identified a promising alternative in a halogenated bacteriochlorin 
reported by Arnaut et al.47 but were not able to obtain a sample for our experiments at 
the time. Subsequent collaboration with the Arnaut group showed that conventional 
triplet-state sensitizers, such as per-chlorinated tetraphenylporphyrin, transferred triplet 
excitation energy to TIPS-P at rates well below the diffusion-controlled rate limit. The 
bimolecular rate constant for triplet-triplet energy transfer increases with decreasing 
triplet energy of the donor, in line with energy transfer lying within the Marcus inverted 
region. This indicates that the triplet energy of TIPS-P is, indeed, very low. 
 
Figure 4.14. Schemes illustrating triplet sensitization and triplet quenching either by 
contact with molecular oxygen or by way of triplet-triplet annihilation. 
In summary, at this point, we are confident that we have obtained appropriate optical 
absorption spectra for the lowest-energy excited-singlet and excited-triplet states of 
TIPS-pentacene in fluid solution. Excited-state lifetimes have been determined by way of 
several complementary experimental techniques and are shown to be mutually 
consistent. Values derived for the molar absorption coefficients at selected wavelengths 
for the ground, excited-singlet and excited-triplet states also appear to be reasonably 
sound. There is no reason to doubt the claim that intersystem crossing is inefficient for 
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TIPS-P in dilute, de-aerated fluid solution. There is a need, however, to establish the 
excitation energies for this compound with a high degree of confidence. This remains 
the outstanding objective. 
4.2.3 Energy Levels 
The intersection point between normalized absorption and fluorescence spectra, as 
recorded under high resolution, allows establishment of the singlet excitation energy (ES) 
as being 15,445 cm-1 (i.e., 1.92 eV) for TIPS-P in dilute toluene solution. It has been 
possible to detect fluorescence from the S1 state and also to record S1-SN absorption, 
together with stimulated emission. In particular, it should be noted that TIPS-P is a 
strong emitter when present in dilute liquid solution, although the excited-state lifetime 
is sufficiently long for diffusional quenching by oxygen to be a problem. Indeed, the 
excited-singlet state lifetime recorded in de-aerated solution (i.e., 22 ns) is remarkably 
close to that calculated using the Stricker-Berg expression48 (i.e., 24 ns). This finding 
confirms our claim that fluorescence is almost quantitative in the absence of molecular 
oxygen and at high dilution. Fluorescence is also evident from M concentrations of 
TIPS-P dispersed in a non-polar polymer matrix, namely Zeonex 480, which has obvious 
red emission that is clearly visible to the naked eye.  
 
Figure 4.15. Photograph of a drop-cast Zeonex 480 film doped with TIPS-P. Lower panel 
shows the fluorescence under illumination with a mercury-vapour lamp (365 nm). 
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Spin-orbit coupling is rather ineffective for TIPS-P but we have successfully characterized 
the triplet-excited state in terms of its T1-T3 absorption spectrum. The excited-triplet 
state is quenched by molecular oxygen but this is not an indication for triplet-triplet 
energy transfer to form singlet molecular oxygen. This latter species shows weak 
luminescence centred at 1260 nm (i.e., 7,935 cm-1 or 0.98 eV).49 Molecular oxygen can 
interact with triplet-excited states by the so-called paramagnetic effect, which enhances 
spin-orbit coupling and promotes formation of the ground state. If quenching is solely 
due to the paramagnetic effect, then the same trend would be seen by saturating TIPS-P 
solutions with nitric oxide (NO), which has a much higher excited state energy at approx. 
35,000 cm-1.50 This experiment was not performed, however, due to unavailability of a 
suitable sample of NO. During the triplet quenching studies with molecular oxygen, we 
saw no indication for a plateau that might indicate reversible triplet energy transfer 
(Figure 4.14). This suggests to us that the triplet energy of TIPS-P is less than ca. 7,800 
cm-1. For effective singlet exciton fission, the triplet energy would need to be below ca. 
7,700 cm-1. 
Early literature work has estimated the triplet energy of pentacene on the basis of the 
bimolecular triplet quenching rate constants of a series of organic chromophores with 
molecular oxygen. Here, the triplet energy of Pc was estimated at approximately 8,000          
cm-1.51 All our attempts to record phosphorescence from TIPS-P at 77K were 
unsuccessful, even in the presence of 60% v/v iodoethane. Direct observation of 
phosphorescence from an organic chromophore in the near-infrared region is 
experimentally challenging because of the relative insensitivity of most detectors. A 
recent report25 describes the phosphorescence spectrum of TIPS-P, this being centred at 
approximately 6,300 cm-1, which corresponds to a triplet energy much less than one half 
the excitation energy of the excited-singlet state.31 A further report of phosphorescence 
from TIPS-P in de-oxygenated 2-methyltetrahydrofuran at 77K places the emission 
maximum at 1580 nm (i.e., 6,330 cm-1) but does not provide a supporting excitation 
spectrum.52  
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Our results suggest that the triplet quantum yield will be less than 3% under these 
conditions so it is difficult to imagine how a phosphorescence signal might be observed. 
Nonetheless, the two reported phosphorescence maxima are in excellent agreement 
and place the triplet energy in the expected region on the basis of successful singlet 
exciton fission. There are no reported determinations of the phosphorescence lifetime 
for TIPS-P and no measurements of the quantum yield or excitation spectra. We should 
be cautious about using the data to establish the triplet energy, even though the 
experiments match our expectations. 
Plotting the singlet excitation energy against triplet excitation energy for the series of 
linear polyacenes (i.e., benzene to hexacene) gives an indication of the trend in triplet 
energy (Figure 4.16). There does appear to be a linear correlation, which would suggest 
that the estimate for Pc (ET = 6,330 cm
-1) is appropriate. However, this is not a rigorous 
relationship and there is no real support for the veracity of a linear correlation between 
the two excitation energies. Pentacene and TIPS-P have become well known as 
chromophores capable of singlet exciton fission in the crystal phase, in concentrated 
solution37,53 and where the two pentacene units are held in close proximity by way of 
covalent links. In such systems, fluorescence is quenched and triplet quantum yields can 
exceed 100%.54-56 We can assume therefore that estimates of the triplet energy being 
less than half that of the singlet-excited state, this being a necessary requisite for 
effective singlet exciton fission, are correct. It is counterintuitive to envisage populating 
the triplet state effectively when the energy gap between S1 and T1 is very large and 
earlier work referred to symmetry restrictions for intersystem crossing in pentacene.57 In 
fact, a well-known route to enhance the rate of intersystem crossing involves reducing 
the singlet-to-triplet energy gap.58,59 This was observed with aza-BODIPY (Chapter 3), 
although we did not see a perceivable increase in triplet yield. 
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Figure 4.16. Relationship between singlet and triplet energies of the acene series from 
benzene to hexacene from a literature survey38,40,54 Here a singlet energy of 15,445 cm-1 
and triplet energy of 6,330 cm-1 are used for pentacene.  
Other ways to quantify the triplet energy include searching for delayed fluorescence. 
The most direct method is based on E-type delayed fluorescence – nowadays popularly 
called thermally-activated delayed fluorescence60 – where the emitting S1 state is 
repopulated from a lower-lying triplet state. Unfortunately, this approach works only if 
the S1 and T1 states are quite close in energy and this is certainly not the case for TIPS-P. 
The alternative type of delayed fluorescence is known as P-type and arises from triplet-
triplet annihilation (TTA).61 In fact, TTA can be achieved by bimolecular diffusion of two 
triplet states or by excitation of a bis-chromophore with an intense laser pulse. For TIPS-
P in de-aerated toluene we observed no evidence of a signal corresponding to delayed 
fluorescence. As was mentioned earlier, Lindquist et al. reported TTA for pentacene in 
liquid benzene and noted that the relatively low bimolecular rate constant was 
consistent with a low triplet energy relative to that of the singlet state. It is not possible, 
however, to use this information in a more quantitative sense. 
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Figure 4.17. Pathways to increased intersystem crossing for organic chromophores: (a) 
thermally-activated delayed fluorescence or E-type delayed fluorescence (DF) (b) reverse 
intersystem crossing by closely matched charge-transfer excited states, (c) charge 
transfer mediated intersystem crossing (d) classical view of intersystem crossing 
highlighting the importance of the singlet-triplet energy gap. Figure adapted from 
reference 62. 
At this point we still lack an independent estimate of the triplet energy for TIPS-P in fluid 
solution. In part, the problem revolves around the poor efficacy for intersystem crossing 
inherent to pentacene in fluid solution. Incorporating an internal heavy atom should 
help overcome this problem but we have not taken this route. It is well-known that one 
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can enhance the rate of intersystem crossing via a charge-transfer state.63-65 Long-lived, 
charge-separated states can recombine to yield the triplet state, this works well in 
donor-acceptor dyads as originally predicted by Rehm and Weller.63,66 Complexes 
between excited donor and ground-state acceptor, for example, are often termed 
“exciplexes” and can also occur when the donor and acceptor are separated in the 
ground state. The exciplex, like the excimer, has played an important role in 
photophysics and many examples have been well documented.67-68 However, formation 
of a homo-exciplex is unlikely to arise with dilute solutions of TIPS-P due to the lack of 
bimolecular contact; the same situation is so for formation of an excimer.  
A further way to measure the triplet excitation energy for TIPS-P is based on the 
technique known as photoacoustic calorimetry (PAC)70, which in a crude sense is an 
adaptation of the thermal blooming procedure described in Chapter 7. Time-resolved 
PAC is a technique that allows one to measure, in the same experiment, both the rate 
and the enthalpy of a photochemical or photophysical event. The basic principle of PAC 
is that the heat released in the course of a reaction produces a transient heating of the 
local environment. When contained in a closed system, this thermal gradient creates a 
pressure wave that is transmitted across the cell and can be detected by a high-
frequency transducer. It is common practice to use a laser pulse as excitation source, 
allowing times as short as 10 ns to be monitored. This may be a useful means of 
determining the triplet energy for TIPS-P independently of any phosphorescence 
measurement. To undertake such measurements would necessitate construction of new 
instrumentation, however, which is beyond the scope of this study. 
In summary, there is good indirect evidence to establish the triplet energy of pentacene 
somewhere below half that of the singlet-excited state. Phosphorescence 
measurements for TIPS-P do exist, but there is no alternative to corroborate these 
measurements. The field would benefit from independent measurements using an 
alternative technique and we propose photoacoustic calorimetry for this purpose. A 
second alternative measurement, albeit indirect, would be to establish whether TIPS-P 
generates singlet oxygen in solution. For this, a very sensitive singlet oxygen detector 
would be required. If however, TIPS-P were found to generate singlet molecular oxygen 
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by energy transfer then it would reposition the estimate of the triplet energy back to the 
~8,000 cm-1 suggested by Porter et al.52 Until these highly specialized experiments can 
be done, one cannot establish the triplet energy of this system with a high degree of 
precision or confidence. 
4.2.4 Redox Chemistry 
Charge-transfer states have been suggested to play a role in singlet exciton fission in 
certain cases.71,72 With this in mind, we set out to better characterize the redox 
chemistry of TIPS-P in solution. To convert TIPS-P to the corresponding -radical cation, 
the chromophore was dissolved in MTHF containing a few percent of carbon 
tetrachloride and illuminated for 5 minutes with a floodlight. The sample quickly lost 
fluorescence and turned colourless. The course of reaction was subsequently followed 
by steady-state absorption spectroscopy. During reaction, the excited-singlet state of 
TIPS-P transfers an electron to CCl4. Geminate charge recombination is prohibited by 
rapid loss of a chloride ion (since the carbon is highly oxidized), followed by addition of 
molecular oxygen to form the trichloromethyl peroxyl radical. This oxygen-centred 
radical is a powerful oxidant and oxidizes a further molecule of TIPS-P (Figure 4.18). The 
-radical anion was generated by irradiating TIPS-P in a de-aerated solution of 3:1 THF-
propan-2-ol containing benzophenone (1 mM) and a small amount of base. Illumination 
of benzophenone under these conditions produces two ketyl radicals by way of 
hydrogen atom abstraction from the alcohol. The presence of the base favours 
deprotonation of these radicals, thereby preventing mutual addition reactions, to give 
the corresponding ketone -radical anions (Figure 4.18). These latter species are 
powerful reductants and transfer an electron to TIPS-P. Subtracting the initial ground-
state spectra from those generated during early stages of illumination gives rise to the 
spectra for the -radical ions (Figure 4.19). These species are essentially colourless, with 
the cation having prominent absorption features further into the UV-region and a 
transition at about 410 nm. 
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Figure 4.18. Schemes showing how to generate the -radical anion (top) and cation 
(bottom) species of TIPS-P in by steady state irradiation. 
 
Figure 4.19. Normalized steady-state absorption spectra for TIPS-P derived -radical 
anion and cation species. 
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Polycyclic aryl hydrocarbons are well known to undergo multiple oxidation and 
reduction processes in liquid solution. Indeed, such compounds tend to possess a rich 
redox chemistry, but it is important to prevent association reactions accompanying the 
electron-transfer chemistry. For example, one-electron oxidation of pyrene forms the 
expected -radical cation but the electrode reaction is irreversible due to attachment of 
a second pyrene molecule.40 The net product is the -radical cation of a pyrene dimer. 
Electrochemical studies have been reported for several derivatives of pentacene, 
including TIPS-P, in different environments. Thus, for TIPS-P in de-aerated 
tetrahydrofuran, half-wave potentials of -1.32, -1.87 and +0.78 V vs Ag/Ag+ have been 
reported.73 
We recorded cyclic voltammograms for TIPS-P in de-aerated CH2Cl2 containing tetra-N-
butylammonium hexafluorophosphate (0.2 M) as background electrolyte. The 
voltammogram indicates two oxidation and two reduction steps over the accessible 
potential window. The first reduction step involves a quasi-reversible (by comparison of 
the electron transfer rate constant of ferrocene electrochemistry), one-electron process 
to form the corresponding -radical anion. The half-wave potential for this process is       
-1.26 V vs Ag/Ag+. This is followed by a further one-electron reduction step that is poorly 
reversible in electrochemical terms. Here, the peak potential occurs at -1.8 V vs Ag/Ag+, 
with the degree of reversibility increasing somewhat with increasing scan rate. Re-
oxidation of the two-electron reduced product occurs with a peak potential of -1.0 V vs 
Ag/Ag+. According to our analysis of this voltammogram, the -radical anion should be 
stable with respect to disproportionation. Our values seem to be fully consistent with 
the literature data, especially considering the change in solvent and reference electrode. 
On oxidative scans, TIPS-P undergoes a quasi-reversible oxidation step with a half-wave 
potential of +0.56 V vs Ag/Ag+. This process forms the corresponding -radical cation 
and should be compared with the literature value of +0.78 V vs Ag/Ag+ reported for TIPS-
P in tetrahydrofuran. At higher potentials, there is a two-electron oxidation process that 
is only partially reversible in electrochemical terms. The peak potential for this latter 
process is +1.27 V vs Ag/Ag+. Again, the wide spacing between these two oxidation steps 
suggests that the -radical cation should be stable against thermal disproportionation. 
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Recording the cyclic voltammogram over a restricted potential range confirms that the 
first reduction and oxidation steps can be termed quasi-reversible. Comparison to the 
literature suggests that TIPS-P is somewhat harder to oxidize than is the unsubstituted 
pentacene.74 This could be because the TIPS groups provide a significant electronic 
effect or because they help solubilize the solute and thereby minimize self-association in 
solution. 
The difference between the first oxidation and first reduction potentials observed for 
TIPS-P in CH2Cl2 corresponds to an energy gap of 1.84 eV. This is substantially reduced 
relative to the optical band gap taken from the absorption spectrum where the onset of 
absorption occurs at 1.93 eV in toluene. Normally, we would expect the electrochemical 
and optical band gaps to be in closer agreement and with the former value being the 
higher. This is the case in THF solution where the electrochemical band gap is 2.1 eV.  
 
Figure 4.20. Cyclic voltammogram of TIPS-pentacene in dichloromethane. Scan speed    
0.05 V/s. 
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Figure 4.21. Expanded view of TIPS-P electrochemistry showing non-reversible processes. 
It seems important at this stage to comment on the possible role, if any, of the TIPS 
groups in modulating the electronic properties of pentacene. It was shown previously 
that attaching an ethyne residue to pyrene at the 1-position renders the molecule 
slightly easier to reduce than the parent pyrene while making oxidation much easier.75 
This seems to be much the same situation as found with TIPS-P. Earlier work has used 
DFT calculations to compare the effect of TIPS substitution on the optical properties of 
small acenes.76 Upon TIPS-functionalisation, there is a generic lowering of the ionisation 
potential and a small rise of the electron affinity. This leads to a systematic decrease of 
the HOMO-LUMO energy gap across the series of acenes, a general trend that is 
reflected in the computed optical absorption spectra. In all cases, the onset of 
absorption for the TIPS-acene is red-shifted compared to the respective parent. We have 
observed this same effect when comparing the absorption onset for pentacene (E = 
17,000 cm-1) and TIPS-P (E = 15,555 cm-1). The TIPS groups are expected to hinder 
formation of an endoperoxide by attack from singlet molecular oxygen and limit the 
significance of photo-dimerisation. 
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Frontier molecular orbital calculations made for TIPS-P lend some evidence to support 
our electrochemical measurements. Here, the HOMO and LUMO molecular orbitals 
show that electron density is being shifted to the alkyne bond of the TIPS-groups, 
serving to somewhat deactivate the central benzene ring. This would explain the 
increase in electrochemical oxidation potential and the decrease in tendency to form 
endoperoxides. It has also been reported that the TIPS-groups improve the photo-
stability of pentacene some 50-fold.38 It is important to note that a proposed reason for 
this is a considerable lowering of the triplet energy for TIPS-P relative to pentacene, 
which would prevent energy transfer to molecular oxygen and consequently greatly 
reduce the rate of photobleaching. 
 
Figure 4.22. Frontier molecular orbitals calculated for TIPS-P. Calculations used density 
functional theory with the B3LYP functional with a 6-311d basis set. The solvent was 
chloroform. 
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Table 4.1. Summary of the photophysical properties for TIPS-pentacene in dilute toluene 
solution. 
    
         643 ± 1 
    
     
       652 ± 1 
ε643 nm / M
-1 cm-1 23 250 ± 2325 
f(a) 0.090 ± 0.009 
ESS / cm
-1(b) 215 
φfluor 0.75
(c) ± 0.04 
kRAD / * 10
7 s-1 3.4 ± 0.3 
kNR / * 10
7 s-1 1.1 ± 0.1 
S1 / ns
(e) 22.3 ± 1.0 
T1 / s
(e) 9.0 ± 0.9 
ΕT1-T3 / M
-1 cm-1 (at 505 nm) 65300(g) ± 3,250 
(a) Oscillator strength, (b) Estimated Stokes’ Shift from deconstruction of the absorption 
and emission spectra into the minimum number of Gaussian components (c) 
Fluorescence yield in sub-micromolar concentration (aerated) solution, (e) Solution was 
purged with dry N2 for at least 15 minutes prior to measurement. (g) Triplet extinction 
coefficient determined from pulse-radiolysis experiments in benzene. 
4.3 Conclusions 
This chapter has characterized the photophysical properties of a topical polyacene 
chromophore, TIPS-pentacene, under carefully controlled conditions with particular 
emphasis on the excited-triplet state. Although pentacene is well known as a potential 
singlet exciton fission chromophore, with triplet yields approaching 200% under some 
conditions, the chromophore is highly fluorescent in dilute solution and intersystem 
crossing inefficient. Under our conditions, the triplet state can only be populated by 
means of an external heavy atom or by sensitization. The TIPS-P monomer triplet is 
much longer-lived than the pairs of triplets produced by singlet exciton fission either in 
the crystal phase77 or in pentacene dyads.25,78 No short-lived transient species were 
observed as part excited state dynamics in dilute solution ruling out excimers or 
exciplexes. It appears then that populating triplet state of TIPS-P by singlet fission is 
heavily driven by close proximity electronic communication, as expected, but the 
spectroscopic signature of the TIPS-P triplet closely matches reports of some pentacene 
dyads, where two triplets are produced on the same molecule.79 
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An independent, clear-cut, measurement of triplet energy remains an outstanding 
problem, although indirect measurements suggests this falls well within the energetic 
requirement for singlet exciton fission (i.e. half the energy of the singlet) at approx. 
6,300 cm-1. Since singlet fission relies so heavily on knowing the energy of the triplet, it 
calls for rigorous experimental procedure for measuring near-IR phosphorescence or 
another approach. An alternative means to quantifying the triplet energy was proposed, 
this being photoacoustic calorimetry and future studies will surely address this issue. 
The results obtained here will be used to aid in characterizing the excited state 
properties a new bridged pentacene bichromophore, examined in Chapter 5, in order to 
better understand intramolecular singlet fission. 
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Chapter 5: Photophysics of a Bis-Pentacene 
Derivative in Fluid Solution – Qualitative Results 
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5.1 Introduction 
Singlet exciton fission (SEF)1,2 is a photophysical phenomenon whereby a pair of identical 
(or similar) organic chromophores, satisfying the energetic requirement that the excited 
singlet state energy is at least twice that of the excited-triplet state, undergoes rapid 
intersystem crossing into the triplet manifold. This radiationless process produces two 
triplet excitons (Scheme 1). As has been discussed elsewhere in this thesis, SEF was 
originally reported in justification of the anomalously low fluorescence yield seen in the 
crystal phase for certain polyacenes, such as tetracene and pentacene.3,4 It is essentially 
the reverse of triplet-triplet annihilation. Singlet exciton fission is known to compete 
efficiently with radiative decay, under carefully controlled conditions, and triplet yields 
up to 200% have been observed in certain systems. It goes without saying that the two 
chromophores must reside within rather close proximity or be subject to quite 
pronounced electronic coupling. 
After a period of inactivity, interest in the topic has been revived and the past few years 
have witnessed a massive escalation in publications dedicated to the subject. Recent 
investigations have focused on monitoring the process in fluid solution,5 where two 
chromophores are covalently linked by way of a spacer unit. Both conjugated and non-
conjugated bridges have been used for this purpose. To distinguish such systems from a 
condensed state of the chromophore, such as crystals or thin films, the covalently-linked 
analogues give rise to intramolecular singlet exciton fission (iSEF).6-10 The advantage of 
this latter approach is that optical spectroscopic measurements can be made under 
conventional conditions, notably in dilute solution, thereby facilitating deep probing of 
the reaction mechanism and energetics. The intramolecular approach also allows 
greater control over electronic communication between the two proximal 
chromophores. Many singlet exciton fission bichromophores are based on TIPS-
pentacene (see Chapter 4), this being perhaps the best-understood SEF compound to 
date. Pentacene itself is an archetypal organic semiconductor, which makes it a relevant 
model system for use in various opto-electronic applications.5,11 
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Investigations into SEF have sought to expand the library of compounds available and to 
evaluate the underlying mechanism(s). There are now many bichromophores known to 
undergo singlet exciton fission in dilute solution or in thin films. An important 
characteristic of these bichromophores is that triplet quantum yields exceed 100% in the 
absence of an added spin-orbit coupling promoter. The topic is dynamic and highly 
active at the present time. Indeed, chromophores other than polyacenes have now been 
proposed for singlet exciton fission.12,13 Some donor-acceptor polymers have also been 
shown to display the same generic effect.14,15 
 
 
Figure 5.1. Examples of singlet exciton fission chromophores reported in the scientific 
literature.16-19 Top panel adapted from reference 16. 
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Along with experimental studies, theoretical models abound as efforts to predict the 
likely efficacy increase in scope. The primary motivation for exploring SEF stems from 
the possibility of increasing the density of charge carriers in organic opto-electronic 
devices.  The field, although now very active, has not yet progressed to the point where 
actual devices can exploit the triplet excitons. Singlet fission has been suggested as a 
means of enhancing solar cell efficiency by doubling the photocurrent per absorbed 
photon.20,21 One of these strategies involves coupling SEF compounds to emissive 
nanoparticles, thereby transferring the non-emissive triplet exciton energy to an 
adjacent silicon solar cell as an additional layer. Such a system could utilize otherwise 
wasted parts of the solar spectrum.22,23 Another putative method involves incorporating 
SEF compounds into organic solar cells as sensitizers.24 Whatever the application, 
realizing quantitative singlet fission will be important. In the case of organic solar cells, 
long-lived triplets may be important for achieving efficient charge separation. Harvesting 
the triplet excitons presents challenges, however, due to rapid triplet-triplet annihilation. 
More work is surely required to fully understand the underlying mechanism(s) and 
compounds would need to become available on a commercial scale. 
 
Figure 5.2. Example of literature iSEF compounds where obtained crystal structures 
highlight the geometry between polyacene units, mediating singlet fission.9,25
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In this chapter, we are primarily concerned with intramolecular singlet exciton fission, 
but a few words are in order regarding crystalline materials. In crystalline pentacene, the 
lowest-lying excited state is understood to localize on a pair of pentacene monomers.26 
There is some debate as regards how this dark state dephases into a pair of triplets, but 
it is known that the process occurs very quickly (<1 ps), with minimal stimulated   
emission.27-29 In pentacene, the process is thought to be spontaneous due to the energy 
of the singlet-excited state being slightly more than twice that of the lowest-lying triplet 
(although the energy of the pentacene triplet is not known with certainty, as discussed 
in Chapter 4). The energetics also allow for triplet-triplet annihilation, and the decay rate 
of the triplet is controlled, in part, by morphology.30 The role of inter-chromophore 
coupling is just as important as the energetic requirement, but this is not thoroughly 
understood in the crystal phase. The main advantage of studying iSEF in bichromophores 
is the relative ease with which spectroscopic characterization can be undertaken. 
 
Figure 5.3. Illustration of packing in crystalline pentacene. The close proximity of 
pentacene molecules in the solid allows for effective intermolecular singlet fission.26 
Progress in understanding the mechanistic origin of SEF has been rapid, but we still lack 
a thorough comprehension of this process. A set of guidelines for rational design of 
singlet exciton fission chromophores seems far off. Subtleties in different SEF systems 
are introduced by restricted geometry and by altering the bridging ligand. Super-
exchange interactions and charge-transfer states have been implicated as playing a role 
in enhancing intersystem crossing. It therefore seems unlikely that there will be a unified 
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model for singlet fission across a wide range of compounds.26,31,32 What is apparent in 
covalently-linked, singlet exciton fission is that the nature of the bridging group has a 
pivotal role in mediating the rate of intersystem crossing and intramolecular triplet-
triplet annihilation. Many publications refer to the formation of a spin-correlated triplet 
pair which dephases into two separate triplets. The identity of the triplet pair is difficult 
to establish with classical optical spectroscopy.33 Electron paramagnetic resonance 
measurements have been used as an alternative means of analyzing the triplet.1,34 The 
kinetics of iSEF are further complicated by the complementary influences of through-
space and through-bond interactions. These uncertainties combine to make an 
extremely challenging and attractive subject. 
 
Figure 5.4. A schematic energy level diagram for the singlet fission process. Many 
investigators have invoked an intermediate state between the singlet- and triplet excited 
states to account for the high rate of intersystem crossing. 
This chapter introduces a new iSEF bichromophore based on TIPS-P and following what 
might be termed conventional lines. The compound was synthesized and characterized 
in the Molecular Photonics Laboratory by Dr. Alparslan Atahan and the chemical formula 
is sketched in Figure 5.5. It will be recalled that Chapter 4 contains a summary of the 
photophysics of the monomer in fluid solution. An important feature of this compound 
relates to the rather large spacer group used to connect the two pentacene 
chromophores. The spacer is formed from a fluorene residue, suitably derivatized to 
improve solubility, which is rigid but allows rotations about the terminals. We do see 
triplet yields in excess of 100% following excitation into the pentacene chromophore but, 
to our surprise, we observed that the absorption spectra recorded for both excited-
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singlet and excited-triplet states differ from those reported earlier for TIPS-P. This 
disparity suggests that delineating the level of communication between the pentacene-
based end-groups might be less than straightforward.  
[NB The concept of intramolecular singlet exciton fission was expanded greatly in recent 
years and it is no longer interesting to simply report one more example. We have tried, 
therefore, to dig deeper into the accompanying processes and avoid emphasizing the 
yield of triplet. The downside of this approach is the length of the chapter. To aid the 
reader, the work has been split into two more manageable drafts. Chapter 5 deals with 
the basic results while Chapter 6 covers more advanced features.] 
5.2 Results and Discussion 
Synthetic procedures for the target dye, the bridged bis-pentacene bichromophore 
(BBP), were devised by Dr. Atahan of this Laboratory and will be reported in full in a 
forthcoming publication. The purity of the compound was confirmed by way of high-
resolution NMR and mass spectrometry. The compound was found to have good 
solubility in toluene, the solvent of choice for this work, and reasonable solubility in 
other solvents such as MTHF. In all cases, the solution was checked to ensure full 
solubility before undertaking any measurements. Solutions were prepared fresh and 
used within a few hours. A computerized model constructed for BBP shows an extended 
geometry with the two pentacene units being held at an oblique angle. Rotation around 
the connecting C-C bonds at the chromophore-spacer interface is possible. 
 
Figure 5.5. Molecular formula for BBP. The mean dihedral angle between fluorene bridge 
(green) and TIPS-pentacene units (red) is 36o as determined by ab initio molecular 
dynamics simulations in the gas phase. 
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5.2.1 Steady-State Spectroscopic Measurements 
The bis-pentacene bichromophore was interrogated under the same conditions as 
reported earlier for TIPS-pentacene (TIPS-P) in Chapter 4. Steady-state absorption and 
emission spectra show the lowest-energy π-π* transition to have the same spectral 
profile as for TIPS-P, but red-shifted by 280 cm-1. This shift can be explained in terms of 
extended conjugation with the fluorene spacer group and has been reported for other 
non-orthogonal bis-pentacene compounds.16,35 Additional higher-energy bands can be 
seen at wavelengths below 450 nm. The excitation spectrum is considered to be in good 
agreement with the absorption spectrum. Also, the molar absorption coefficient 
approximately doubles from ~ 20,000 for TIPS-P to 40,000 M-1 cm-1 for BBP. These 
features are suggestive of electronic coupling between spacer and chromophore or even 
between chromophores. The new absorption bands appear in the excitation spectrum 
and, therefore, are not due to impurities in the sample. Indeed, samples were subjected 
to extensive TLC purification immediately before recording the spectra but this had no 
effect on the spectral profile. At least two separate batches of BBP were used for these 
trials, with no obvious difference. 
The fluorescence quantum yield (F) is drastically reduced relative to TIPS-P under 
closely comparable conditions; F is measured to be 3% in dilute toluene solution 
(determined relative to meso-tetraphenylporphyrin).36 The emission spectral profile 
remains similar to that of TIPS-P, apart from the red-shift. In toluene, the excited-singlet 
state lifetime is decreased (from 14 ns) to 200 ps, a result obtained both by TCSPC and 
ultra-fast transient absorption experiments. This finding indicates there is a new 
nonradiative process that competes effectively with radiative decay. The fluorescence 
quantum yield was also found to be ca. 3% in chloroform. 
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Figure 5.6. Steady-state absorption and emission spectra for BBP in M toluene solution. 
The excitation spectrum is overlaid onto the absorption spectrum with circles. 
Low-temperature fluorescence measurements in methylcyclohexane and                          
2-methyltetrahydrofuran show a slight red-shift (approx. 10 nm) and a sharpening of the 
spectrum upon stepwise cooling from room temperature to 80 K. The fluorescence 
signal was corrected for solvent contraction37 and spectral shifts at the excitation 
wavelength in order to explore how the nonradiative rate constant depends on 
temperature. Both in the case of methylcyclohexane and MTHF, there is little change in 
the fluorescence quantum yield over this temperature range. We conclude therefore 
that the nonradiative process competing with fluorescence is essentially activationless. 
Slight variations in the derived fluorescence quantum yield at low temperature (Figure 
5.8) correspond to previously reported changes in solvent relaxation for organic dyes in 
MTHF.38 
Low-temperature fluorescence measurements made for BBP in a nonpolar film, Zeonex 
480, show no red-shift relative to toluene and almost no sharpening of the spectrum 
upon cooling to 80 K. In agreement with the solution studies, the fluorescence yield 
increased by less than 2% across the full temperature range. The fluorescence yields in 
the film and in the frozen glass were derived from fluorescence lifetimes obtained by 
time-correlated, single photon counting on the basis that the radiative rate constant is 
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fixed. The derived activation energy for radiationless decay is 6.7 kJ mol-1 in Zeonex, but 
this is considered to be on the lower limit of what can be measured. These temperature-
dependence studies suggest light-induced electron transfer is not the dominant 
nonradiative pathway. There is no indication for exciplex emission at any temperature. 
This latter observation is not surprising because, at high dilution, there is little possibility 
for orbital overlap between the aromatic units. 
 
Figure 5.7. Arrhenius plot for BBP in 2-methyltetrahydrofuran between 80 and 295 K. 
 
Figure 5.8. Fluorescence quantum yield of BBP in MTHF versus temperature. The solvent 
melts at 137 K (see blue region) and forms a rigid glass at about 100 K. 
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Figure 5.9. Normalized emission spectra of BBP in MTHF at room and cryogenic 
temperatures. 
The spectral shift and band narrowing seen for BBP at low temperature is consistent 
with that observed earlier for TIPS-P and is a natural consequence of rigidifying the 
solvent. The lack of any significant temperature effect on the nonradiative decay rate 
constant is attributed to the main deactivation process being activationless. This finding 
is in line with expectations if the deactivating channel involves singlet exciton fission. 
Thus, Friend et al. reported activationless singlet exciton fission over a wide 
temperature range for thin films of tetracene.39 There is, in fact, no obvious reason for 
singlet exciton fission involving an activation energy – although the absence of an 
activated barrier does not by itself prove that the enhanced nonradiative decay 
observed for BBP is primarily due to intramolecular singlet exciton fission. We could find 
no literature reports of a temperature-dependence study for intramolecular singlet 
exciton fission. 
The rate constant for this new deactivating channel is 3.6 x 109 s-1, which is low relative 
to values reported for crystals and thin films of pentacene. Numerous bis-pentacene 
derivatives have been reported to undergo intramolecular singlet exciton fission with a 
wide variety of rate constants. The magnitude of these rate constants reflects the 
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molecular topology and comparison is difficult because some structures might better 
facilitate through-space processes. For BBP, it seems most likely that the geometry will 
promote through-bond interactions between the two terminal pentacenes. The closest 
structural analogue to BBP that we could find in the literature is BP2 as reported by 
Campos et al.33 Here, the rate constant for intramolecular singlet-exciton fission is 4.3 x 
109 s-1. This value is in excellent agreement with our determination for BBP. 
5.2.2 Nanosecond Time-Resolved Optical Measurements 
Nanosecond transient absorption experiments in toluene with excitation at 532 nm 
show the presence of a triplet species with an absorption maximum centred at ca. 515 
nm (Figure 5.10). Contrary to TIPS-P, the excited-triplet state can be seen at low 
concentration in fluid solution without the aid of an external heavy-atom perturber, 
such as ethyl iodide. Also of note is the observation that the structured absorption of the 
T1-T3 optical transition seen for TIPS-P is replaced with a broad and featureless 
absorption band for BBP. The long-lived decay conforms to first-order kinetics with a 
lifetime of ca. 40 s in well deoxygenated toluene. Decay of the absorption signal at 515 
nm is exactly matched by the rate of recovery of the ground-state bleach. The transient 
absorption signal in the region around 515 nm does not shift on the microsecond 
timescale, but it sharpens slightly, with a shoulder becoming ever more pronounced at 
later times. Further bleaching signals corresponding to absorption at the high-energy 
bands suggest these features are part of the same electronic system and are not due to 
impurities. Typical energies per pulse for nanosecond excitation were varied across the 
range 5-80 mJ.  
On focusing attention on the decay kinetics in the 0-50 ns time window, triplet-triplet 
annihilation (TTA) was apparent and a short-lived fluorescence signal was observed with 
a maximum at ca. 665 nm. We assign this latter emission signal to delayed fluorescence. 
An estimate of the half-life for this signal places it at around 30-50 ns. This is clearly too 
long for the signal to be due to prompt fluorescence but it is entirely consistent with 
intramolecular TTA. The half-life recorded for the delayed emission is independent of 
laser intensity over a wide range. For BBP in deoxygenated toluene, the appearance of 
the transient spectra did not change when the excitation wavelength was varied 
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between 530-600 nm. Previous work has recognized the importance of bimolecular TTA 
for tetracene27 in thin films while intramolecular TTA has been found in certain 
orthogonally orientated bis-pentacene derivatives.35 The occurrence of TTA in our bis-
pentacene derivative is highly significant because it would suggest that the excitation 
energy of the triplet-excited state cannot be much less than one-half that of the excited-
singlet state. This is believed to be the case for tetracene. We will return to the 
possibility of TTA in BBP later in the chapter. It is important to note, however, that the 
concentration of excited-triplet state found at high laser intensity is roughly 5 M, 
compared to a ground state concentration of around 10 M. This means that, at high 
excitation densities, about 25% of the available pentacene chromophores are promoted 
to the triplet state at the beginning of the experiment. The important point is to 
establish how these triplet states are distributed; specifically, we refer to whether both 
pentacenes belonging to a single BBP molecule are at the triplet level. 
 
Figure 5.10. Red traces: nanosecond transient absorption spectrum recorded for BBP 
(between 3 and 35 s) in deoxygenated toluene solution in terms of molar absorption 
coefficient. Black trace: steady-state absorption spectrum for BBP. Inset: decay of 
transient species at 520 nm with a semi-log plot showing decay conforms to first-order 
kinetics. 
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Figure 5.11. Triplet absorbance in deoxygenated toluene at 520 nm excitation vs laser 
energy. Excitation is at 532 nm.  
In summary thus far, there are notable disparities in the optical spectra and properties 
between the reference compound TIPS-P and the bis-pentacene derivative BBP when 
measured under the same conditions. Unfortunately, we do not have access to the 
mono-pentacene derivative equipped with the fluorene bridge so we are not able to say 
if these differences are caused by the close proximity of two poly(acene) units or by 
interaction with the spacer. Of particular concern is the observation that the transient 
differential absorption spectrum recorded for the triplet-excited state is broad for BBP 
but well-resolved for TIPS-P. To confirm that our identification is correct, a set of pulse 
radiolysis experiments was made with BBP in deoxygenated benzene and toluene 
solution. As before, these measurements were made in the laboratory of Prof. T. Majima 
in Osaka. The temporal resolution of this instrument is ca. 8 ns and benzophenone in de-
aerated benzene or toluene was used as the dosimeter.  
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The first point to note from these pulse radiolysis studies is that the broad and relatively 
featureless absorption profile for the meta-stable triplet state is similar to that observed 
by ns-laser flash photolysis (Figure 5.12). The spectrum evolves slightly with time, with 
the maximum undergoing a small shift from 525 nm to 515 nm on the timescale of the 
experiment. The conditions used for these pulse radiolysis experiments preclude simple 
determination of the concentration of the triplet-excited state by comparison to the 
benzophenone dosimeter. This is because, at the end of the pulse, there is a mixture of 
the benzene singlet- and triplet-excited states present. Both states are short lived but 
able to transfer excitation energy to the added BBP. We do not see the excited-singlet 
state of BBP but this is because its lifetime is less than the temporal resolution of the 
setup. We can use the pulse radiolysis data in a constructive manner but, for the 
moment, we draw attention only to the fact that the derived differential absorption 
spectrum is closely comparable to that obtained by laser flash photolysis. We will return 
to the pulse radiolysis experiments at a later stage in the discussion. 
 
Figure 5.12. Transient absorption data for BBP from pulse radiolysis experiments in 
benzene (0.7 mM concentration). Decay trace at 524 nm inset showing biexponential 
character. 
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Pulse radiolysis of BBP clearly show bi-exponential character for the decay curves 
attributed to the triplet-excited state (Figure 5.12 inset). We see the same behavior for 
the triplet species generated by laser photolysis. This situation could indicate the onset 
of intermolecular triplet-triplet annihilation, although this was not seen for TIPS-P under 
the same conditions. There are many reports of triplet-excited states being quenched by 
the corresponding ground-state species – the first such report was by Livingston40 and 
referred to the triplet state of chlorophyll-a in ethanol solution. This might also be the 
case for BBP but quenching by BBP molecules in the ground state would not give rise to 
the mixed-kinetics (i.e., a fast decay superimposed on a slower decay) observed here for 
the triplet-excited state.  
The kinetic profile is superficially consistent with a fast decay (some tens of nanoseconds) 
competing with a slower exponential decay of the triplet-excited state (microseconds). 
This behaviour would be consistent with bimolecular TTA at early times, where the 
concentration of the triplet state is relatively high, followed by unimolecular 
deactivation of the triplet at longer times. This situation corresponds to the conventional 
TTA as first outlined by Birks.41 All attempts to analyze the data as a fast second-order 
decay and a slower exponential decay failed in our hands. In contrast, the decay curves 
from both pulse radiolysis and laser flash photolysis could be analyzed satisfactorily in 
terms of dual-exponential fits. This situation is readily explained in terms of fast 
intramolecular TTA, followed by relatively show first-order decay of the remaining triplet 
species. 
Fitting the pulse radiolysis triplet decay data observed at 524 nm to consecutive first-
order components yield a lifetime for the faster process is 100 ns in de-aerated benzene 
with the slower component being ca. 6.5 s. The same behaviour is observed in de-
aerated toluene, with lifetimes of 90 ns and 5.3 s. Examination of the longer decay 
component on a longer timebase brings the longer lifetime in line with flash photolysis 
experiments. This type of analysis gives a satisfactory fit to the experimental data but 
does not explain the underlying chemistry. That we do not see evidence for 
intermolecular TTA with either BBP or TIPS-P suggests that the bulky TIPS groups hinder 
close contact between pentacene molecules. The only reasonable explanation for 
149 
 
efficient intramolecular TTA in BBP is that a substantial fraction of excited-state BBP 
species are formed with both pentacene units promoted to the excited-triplet state. It is 
the dual-excited species that give rise to intramolecular TTA. The only way to generate 
the dual-triplet species is through intramolecular singlet exciton fission. This process can 
take place following both pulse radiolysis and pulsed laser excitation. If this deduction is 
correct, we have a simple way to distinguish between intersystem crossing (to give the 
mono-triplet) and singlet exciton fission (to give the dual-triplet). It is also possible that 
the different rates of decay of these two triplets helps account for the modest evolution 
of the differential absorption spectral features. The timescales are consistent with this 
possibility. 
Our understanding of the situation is covered by Scheme 13. Here S, T and G refer to 
pentacene units in the excited-singlet, excited-triplet and ground states, respectively. 
The scheme applies to both pulse radiolysis and pulsed laser photolysis, although the 
Scheme emphasizes the pulse radiolysis case. Before attempting to quantify some of 
these processes, we draw attention to the cyclic voltammetry studies before returning 
to the transient absorption spectroscopy. This is to explore any possible role for light-
induced electron transfer competing with the reactions illustrated in the Scheme. 
 
Figure 5.13. Scheme for the process of singlet fission during pulse-radiolysis experiments. 
SEF = intramolecular singlet-exciton fission, D = nonradiative decay, TTA = intramolecular 
triplet-triplet annihilation, DF = delayed fluorescence. ST = singlet to triplet. 
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5.2.3 Electrochemistry 
Electrochemical measurements of BBP were performed under a dry nitrogen 
atmosphere in anhydrous dichloromethane with tetra-N-butylammonium 
hexafluorophosphate as the supporting electrolyte. A highly polished glassy carbon disk 
was used as a working electrode with a platinum wire as the counter electrode. The 
reference electrode was Ag/AgCl, with ferrocene as an internal reference. These are the 
same conditions as used for TIPS-P (Chapter 4). 
For TIPS-P, the oxidation wave with a mid-point potential of +0.56 V vs Ag/AgCl can be 
assigned to formation of the radical cation species. For BBP one would expect an 
additional reversible oxidation wave for the formation of the doubly-oxidized species.43 
Indeed, literature reports show two separate one-electron oxidation waves for some bis-
pentacene derivatives; splitting of the peak is a sign of electronic or electrostatic 
interactions between the two terminal pentacene units.8 A small series of bis-pentacene 
compounds with poly(aryl) bridges has been used to show that the magnitude of 
through-bond electronic communication decreases with increasing length of the spacer 
group. Somewhat surprisingly, we observed a single peak for the first oxidation and first 
reduction processes for BBP, both processes being electrochemically quasi-reversible. 
That is to say, there is no splitting of the electrochemical peaks. This situation could be 
interpreted in terms of very strong or very weak electronic coupling between the two 
pentacene units. The respective half-wave potentials derived for one-electron reduction 
and oxidation of BBP are -1.25 and +0.56 V vs Ag/Ag+. A second quasi-reversible 
reduction process is seen with a half-wave potential of -1.76 V vs Ag/Ag+. On oxidative 
scans, a further oxidation step occurs with a peak potential of ca. +1.3 V vs Ag/Ag+ but 
this process is electrochemically irreversible. 
Table 5.1. Summary of quasi-reversible redox potentials for TIPS-P vs BBP in 
dichloromethane versus Ag/Ag+. Ferrocene was used as an internal standard. 
Compound E1/2 OX / V E1/2 RED / V 
BBP +0.56 -1.25 
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The electrostatic repulsion between two single charges located at the centre of each 
pentacene moiety can be estimated from Equation 5.1. Here, S is the static dielectric 
constant of the solvent,    the permittivity of free space and     is the estimated 
separation distance. For CH2Cl2 (S = 9) and with dCC = 23 Å, we would expect a repulsion 
energy of ca. 70 meV. This is necessarily a crude calculation but one that is used widely 
to explain electronic communication in many binuclear systems. As shown in Figure 5.14, 
BBP does not exhibit the anticipated peak splitting at either oxidation or reduction levels. 
   
  
         
                  
On further examination of the cyclic voltammograms recorded for BBP it can be seen 
that the various waves are somewhat broader than found for TIPS-P and the potential 
difference between peaks found for forward and reverse scans is larger than usual; 
typical potential splits are 200 meV at a scan rate of 200 mV/s. In fact, the difference 
between the peak potentials and half-wave potentials for each of the two reduction 
processes amounts to 60 meV at slow (i.e., 30 mV/s) scan rates. Both electrochemical 
steps can be attributed to the simultaneous transfer of two electrons; the same analysis 
made for TIPS-P under identical conditions corresponds to the transfer of a single 
electron. For the first oxidation process, the respective potential difference between 
peak and half-wave potential at very slow scan rates is 65 meV. Again, this is more 
consistent with the simultaneous addition of two electrons than a one-electron step. We 
can conclude, therefore, that each wave seen in the cyclic voltammograms for BBP 
corresponds to the simultaneous transfer of one electron to (or the removal of one 
electron from) each pentacene unit.  
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Figure 5.14. Cyclic voltammogram of BBP in de-aerated dichloromethane. Scan speed 
0.08 V/s. Inset: expanded CV showing additional electrochemical processes. 
 
Figure 5.15. Frontier molecular orbitals for BBP calculated using density functional theory 
with the 6-311d basis set and B3LYP functional. The solvent was chloroform. 
Frontier molecular orbital descriptions (Figure 5.15) indicate that both HOMO and LUMO 
correspond to localized electronic systems with the electron density distributed on the 
pentacene moieties. The fluorene-based bridge is not involved until much higher 
energies. Our failure to observe splitting of the peaks in the cyclic voltammograms is 
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mostly likely due to the fact that these systems cannot be regarded as point charges. 
The important conclusion, however, is that BBP comprises two electronically isolated 
pentacene units. As such, there is no reason why intramolecular singlet-exciton fission 
should not be detected in this compound. We now return to the transient absorption 
spectral studies. 
Although the ultrafast transient spectra show no evidence of the formation of 
intermediate species such as radical cation-anion species or an exciplex, these may be 
obscured by the broadening of the S1 state in the case of BBP. It was possible to obtain 
the steady-state absorption spectra of the radical anion and radical cation species for 
BBP by photochemical oxidation and reduction as it was with TIPS-P. 
To obtain the radical anion and cation the same methods were used as for the TIPS-
pentacene monomer (ref. Chapter 4). For BBP, as with TIPS-pentacene, the anion and 
cation are colourless with the cation having prominent absorption features further into 
the UV-region and a transition at ~ 410 nm (Figure 5.16). 
 
Figure 5.16. Normalized steady-state absorption spectra for BBP radical anion and cation 
species. 
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5.2.4 Ultrafast Transient Absorption Spectroscopy 
Deactivation of the singlet-excited state and subsequent population of triplet excitons 
can be monitored by ultrafast laser transient absorption spectroscopy (Figure 5.17). 
Initial studies were made with laser excitation (FWHM = 150 fs) of BBP in toluene at 600 
nm. This corresponds to excitation into the S1 state and, at the end of the excitation 
pulse, the excited-singlet state is the sole transient species in solution. The differential 
absorption spectrum recorded with a delay time of a few ps comprises stimulated 
emission, ground-state bleaching and absorption of the S1 state. Monitoring decay 
kinetics at wavelengths corresponding to each of these three processes shows that the 
S1 lifetime is 200 ps under these conditions. The derived lifetime is in excellent 
agreement with that determined by TCSPC methods. The stimulated emission spectrum 
closely resembles that of prompt fluorescence while the ground-state bleaching signal 
clearly agrees with the ground-state absorption spectrum. However, the transient 
absorption spectrum differs from that recorded in Chapter 4 for TIPS-P. For BBP, the S1-
S3 absorption spectrum is broadened and has an offset baseline relative to that of TIPS-P 
under identical conditions. 
 
Figure 5.17. Picosecond transient spectra of BBP in toluene upon excitation at 600 nm. A 
section of the spectrum has been removed due to excitation scatter. Typical excitation 
power was ~ 1.5 mW. 
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At longer delay times, the triplet-excited state of BBP appears. Due to the broadening of 
the spectrum, it is not possible to confirm or eliminate the existence of any intermediate 
transient species. Formation of the excited-triplet state can be followed most 
conveniently at 520-525 nm, which corresponds primarily to the peak of the differential 
absorption spectrum. Growth of this signal follows first-order kinetics and corresponds 
to a lifetime of 200 ps in toluene using global fitting. Clearly, there is good agreement 
between decay of S1 and formation of T1 (Figure 5.18). This meta-stable species decays 
on a timescale far longer than can be accessed with the delay stage. We have already 
explained that the T1-T3 absorption spectrum for BBP is different to that found for TIPS-P 
under the same conditions. At first glance, the T1-T3 differential absorption spectra 
recorded on sub-ns and s timescales look similar but closer inspection shows the match 
is imperfect. This finding is consistent with pulse radiolysis data at early times described 
already in this chapter (Figure 5.12).  The main differences relates to a blue shift, which 
sees the absorption maximum move from 525 nm to 515 nm, and a modest narrowing 
of the entire profile.  This change occurs over a period of ca. 250 ns. These absorption 
spectral changes are best explained in terms of two overlapping features, of which one 
disappears on the relevant timescale. This situation is illustrated by way of Figures 5.19 
and 5.20.  
 
Figure 5.18. Traces of transient species for BBP obtained from femtosecond TAS 
experiments (corresponds to Figure 5.17) in toluene. 
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Thus, the transient differential absorption spectra can be considered in terms of 
Gaussian-shaped components. For BBP in both benzene and toluene, the spectral 
profiles can be analyzed reasonably well in terms of two components when examined at 
relatively long delay times. Under such conditions, intramolecular TTA is complete and 
the only excited-state species present in solution will be the mono-triplet T G. At much 
shorter times, both mono- and dual-triplet species will be present, but not in equilibrium. 
Gaussian deconstruction of the transient differential absorption spectrum requires 
additional components to satisfactorily reproduce the entire spectral envelope. This can 
be done by adding two extra components, which we assign to the dual-triplet, T T. The 
contribution of T T decreases with increasing delay time. Although such analysis is 
open-to-question, it gives a useful confirmation of the kinetic effects. Furthermore, it is 
not unreasonable that the triplet species will show slightly different differential spectra.  
 
Figure 5.19. Deconstructed triplet-triplet differential absorption spectra obtained for BBP 
in de-aerated (a) toluene) and (b) benzene. The time window for collecting the spectrum 
was 0-30 ns. The black curve corresponds to the experimental spectrum while the red 
curve is the spectrum obtained by summation of the individual Gaussian components. 
The Gaussian components for T1 G0 and T1 T1, respectively, are shown as grey and blue 
curves. An additional Gaussian (olive curve) is required to for the high-energy region. 
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Figure 5.20. Triplet-triplet differential absorption spectra recorded at 500 ns for BBP in 
de-aerated (a) toluene and (b) benzene. The black curve is the experimental record and 
the overlaid red curve is the computed spectrum re-assembled on summation of the 
individual Gaussian components, which are shown as grey curves. For benzene, an 
addition Gaussian component, shown as a blue curve, is required to fully represent the 
experimental trace. 
By combining the ps and ns transient absorption spectral data it becomes possible to 
monitor the kinetics of the triplet absorption feature from start to finish, with only a 
small temporal gap. Formation is fast, as stated above, but there are two decay 
processes, as seen with pulse radiolysis experiments earlier. The first step, which 
accounts for the major portion of the triplet signal, occurs over some 150 ns and has a 
half-life of 75 ns. The residual triplet decays slowly via first-order kinetics and has a 
lifetime of 1.5 s in aerated toluene. This latter value increases to 40 s in de-aerated 
solution but the faster decay is not much affected by the presence of oxygen.  Our 
interpretation of the triplet absorption spectrum and the ancillary decay kinetics 
requires the presence of two species with triplet-state character. In toluene, there is 
little likelihood of intramolecular electron transfer and so, as a starting point, we raise 
the possibility that the enhanced triplet yield is a consequence of iSEF. This process 
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would result in the formation of a BBP molecule with both TIPS-P moieties promoted to 
the triplet state. Given the relatively short separation distance between the two TIPS-P 
residues and the strong possibility for super-exchange interactions promoted by the 
fluorene-based spacer, we might anticipate triplet-triplet annihilation between the two 
triplet species. This could be responsible for the 75 ns decay component. This would 
leave the longer-lived species as being a BBP molecule with only one TIPS-P unit 
promoted to the triplet state. This overall situation is illustrated in Figure 5.21, which 
mirrors the conclusions based on pulse radiolysis experiments. If correct, this 
explanation would require that the additional feature recognized in the T1  T3 
absorption spectrum is a signature of the doubly-excited species. 
 
Figure 5.21. Scheme illustrating the occurrence of singlet fission and partitioning of singly 
and doubly excited triplets in BBP. 
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Figure 5.22. Normalized kinetic trace of BBP monitored at 520 nm from the picosecond 
timescale to microseconds in three solvents. Inset is the initial decay of the triplet pair in 
toluene (the slight gap is the boundary between ultrafast spectroscopy and nanosecond 
flash photolysis). Key: red - toluene; blue - cyclohexane; black - benzonitrile. Solutions 
were purged with nitrogen prior to measurements. 
 
Figure 5.23. Normalized triplet decay trace monitored at 520 nm for BBP in air-
equilibrated toluene solution. Inset shows decay at early times where the solid line 
corresponds to a biexponential fit. 
160 
 
In toluene, the 200 ps fluorescence lifetime can be referred to as the singlet fission time, 
i.e. the time taken for fluorescence to decay and a pair of equivalent triplets to form. 
Triplet-triplet annihilation leads to S0, T1 and S1 states. Some of the S1 can presumably 
once again undergo singlet fission to form a pair of triplets which will again annihilate 
with a set loss at each cycle. A characteristic of the decay is the long-lived triplet, which 
is presumably that of a mon-triplet species. It is interesting to note that in toluene, 
cyclohexane and benzonitrile the ratio between the initial triplet pair absorption and 
that of the long-lived component does not change noticeably. We return to this point 
later. 
5.2.5 Delayed Fluorescence 
Support for intramolecular TTA on the nanosecond timescale comes from our 
observation of weak emission occurring on a relatively long timescale (Figure 5.24). The 
observed fluorescence spectrum is similar, but slightly shifted, to that of the prompt 
fluorescence. The delayed emission decays via exponential kinetics with a lifetime of ca. 
50 ns. This is consistent with the fluorescence signal arising via decay of the S G species 
produced during intramolecular TTA.  
 
Figure 5.24. Nanosecond transient absorption spectrum of BBP in toluene between 10 
and 50 ns shows the ground state bleach is dominated by delayed fluorescence. The 
black trace is the steady-state fluorescence spectrum. 
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Figure 5.25. Decay of delayed fluorescence of BBP in toluene monitored by nanosecond 
laser flash photolysis at 725 nm. Inset semi-log plot shows decay is first order. 
Triplet-triplet annihilation was further interrogated by varying the solvent viscosity. The 
intention behind this experiment was to elucidate whether changes in geometry 
contribute towards the rate of TTA. In pure mineral oil, the lifetime of the dual-triplet 
increased to 220 ns, independent of the excitation laser intensity. This line of 
investigation was taken further to examining BBP in a drop-cast Zeonex 480 film, 
approximately 200 m thick, and of excellent optical quality. Under such conditions, the 
TTA decay lifetime increased further to approx. 300 ns. The appearance of the steady-
state emission spectrum did not change when using a focused 440 nm LED beam 
(excitation power ranging from 10 mW to 3 W). Overall, there is little doubt that intense 
illumination of BBP produces delayed fluorescence due to the appearance of the long-
lived transient emission spectrum. Particularly in the solid film, intense red emission can 
be seen upon laser excitation. 
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Figure 5.26. Illumination of a BBP-doped Zeonex 480 film with a focused 410 nm laser   
(25 mW). A 550 nm cut off filter was used to exclude excitation light. 
5.3 Conclusions 
In this chapter we have reported on the photophysical properties of a new bridged bis-
pentacence derivative, BBP, where the individual pentacene units are kept far apart by a 
fluorene spacer. Steady-state absorption and fluorescence spectra suggest some degree 
of coupling to the spacer, causing a modest red-shift. More significantly, the bis-
pentacene shows a dramatic loss of fluorescence and increase in triplet yield compared 
to the isolated TIPS-P chromophore. We believe that there are two triplet states formed 
under both laser excitation and pulse radiolysis in benzene. These triplets possess 
slightly different absorption spectra and decay by very different kinetic pathways. We 
have interpreted these triplets in terms of species where both pentacene units are 
simultaneously present as triplet-excited states – these we call dual-triplets – and 
species where only one of the pentacene units is present as a triplet – these we refer to 
as mono-triplets. The dual triplets show slightly red-shifted absorption spectra and 
decay quickly by first-order kinetics. Their lifetime is essentially unaffected by initial 
concentration, presence of molecular oxygen or solution viscosity. We see the same 
general behaviour for triplet species formed via pulsed laser illumination or by exposure 
to ionizing radiation. Our interpretation of the fast decay for the dual-triplet species 
involves intramolecular triplet-triplet annihilation. This process partitions to form the 
excited singlet state, the mono-triplet and the ground state.  
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Proof for iTTA is obtained by the observation of weak delayed fluorescence, which 
would give rise to a modest amount of recycling of the excited states. It follows that the 
energy of the excited-triplet state cannot be much less than one-half that of the 
corresponding singlet-excited state. This prediction is at odds with literature reports of 
low-temperature phosphorescence but we have not succeeded with an independent 
measurement of the triplet energy. On-going experiments might succeed and we remain 
hopeful of refining this value by way of collaboration. The mono-triplet is long-lived but 
quenched by molecular oxygen in fluid solution.  
Our overall understanding of the photophysics of BBP in non-polar solution is 
summarised in Table 5.2. The accompanying processes are described in Figure 5.21. We 
have not, as yet, addressed the issue of the triplet yield. This is important in terms of 
comparison with other bis-polyacene compounds, where triplet yields well in excess of 
100% have been reported. It is more of a challenge to establish the quantitative features 
of this system but we attempt to do so in the following chapter. 
Table 5.2. Summary of the photophysical properties for BBP in dilute toluene solution. 
    
         655 ± 1 
    
     
       664 ± 1 
ε643 nm / M
-1 cm-1 40 000 ± 4000 
f(a) 0.16 ± 0.02 
ESS / cm
-1(b) 245 
φfluor 0.030 ± 0.005 
kRAD / 10
7 s-1 15 ± 1.5 
kNR / 10
7 s-1 485 ± 48.5 
S1 / ns
(e) 0.20 ± 0.02 
TTA
(f) / ns 150 ± 10 
T1 / s
(e) 40 ± 5 
ΕT1-T3 / M
-1 cm-1 (at 525 nm) 42 000 ± 4200 
(a) Oscillator strength, (b) Estimated Stokes’ Shift from deconstruction of the absorption 
and emission spectra into the minimum number of Gaussian components (c) 
Fluorescence yield in sub-micromolar concentration solution, (e) Solution was purged 
with dry N2 for at least 15 minutes prior to measurement. (f) Intramolecular triplet-triplet 
annihilation of the triplet pair (g) Triplet extinction coefficient determined from pulse-
radiolysis experiments. 
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Chapter 6: Photophysics of a Bis-Pentacene 
Derivative in Fluid Solution – Further 
Considerations 
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6.1 Introduction 
In this chapter, we continue investigations into the origin of the enhanced intersystem 
crossing to the triplet manifold observed for the bridged bis-pentacene derivative, BBP. 
The chapter follows closely from Chapter 5 and there are obvious links to Chapter 4. For 
interests of brevity, and to avoid unnecessary repetition, a long introduction is not 
warranted. The aim of the chapter is to provide a concise quantitative estimate of the 
triplet yield for BBP in fluid solution. We have established that the bis-pentacene 
exhibits a rather drastic reduction in the fluorescence yield/lifetime and a corresponding 
increase in population of the triplet state. We have also noted the onset of 
intramolecular triplet-triplet annihilation1, delayed fluorescence2 and broadening of the 
singlet- and triplet-excited state absorption spectra. Our understanding of the system is 
that singlet exciton fission is responsible for the enhanced yield of the triplet state, at 
least in toluene. In several literature examples of singlet exciton fission occurring with 
polyacenes, the optimal yield of triplet-excited states approaches 200%.3,4 This finding 
suggests that each excited-singlet state splits to give a pair of triplets. In other cases, the 
triplet yield is significantly less than 200%, although still in excess of 100%.5,6 Here, the 
situation becomes more ambiguous and splitting of the singlet exciton might give a 
mixture of dual- and mono-triplets. Alternatively, the splitting process could give a pair 
of triplets and a pair of ground-state molecules. Of course, other possibilities exist… 
In trying to establish the efficacy of iSEF for BBP, we return to pulse radiolysis and 
ultrafast transient absorption spectroscopic measurements in a more quantitative 
approach. An important feature of this analysis revolves around values for the various 
molar absorption coefficients. We have already alluded to our estimates of coefficients 
for the excited-singlet and -triplet differential absorption spectra. Our derived values are 
significantly reduced relative to those reported for TIPS-P by Guldi et al.5 In fact, the 
ratio of derived values obtained by the two groups for singlet and triplet species is in 
perfect agreement. This ratio indicates that, at the respective maxima, the singlet state 
has an absorptivity some 55% that of the triplet state. Rather than rely on absolute 
molar absorption coefficients, in the first instance, our initial estimates of the iSEF 
partitioning will make use of the ratio. The first objective, therefore, is to obtain an 
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estimate of the triplet yield obtained via iSEF in toluene (or benzene) solution under 
ionising radiation. Later we will address the ultrafast transient absorption spectroscopic 
data. Finally, we move away from toluene and consider a few more polar solvents. 
Ideally, the analysis would go one step further and provide an estimate of the 
partitioning of the excited-singlet state in nonpolar media. Thus, we can suppose that 
fast decay of S G could give rise to some or all of T T, T G, and G G species. We have 
raised the assumption that iTTA might play a critical role in the analysis. We are of the 
opinion that, on the nanosecond timescale, we have a mixture of mono-triplet (T G) 
and dual-triplet (T T) species present in our system. The origin of T G depends on the 
history of the sample. In contrast, T T arises uniquely from iSEF and is a signature 
feature. By measuring the relative concentration of triplet species undergoing iTTA, we 
indirectly measure the relative concentration of T T. If this notion is correct, we can 
easily distinguish between mono- and dual-triplet species and thereby quantify the role 
of iSEF at a more demanding level. 
 
Figure 6.1. Simplified scheme illustrating the possible partitioning of the BBP singlet-
excited state into mono- and dual-triplet species. 
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6.2 Pulse Radiolysis in De-aerated Benzene (or Toluene) 
Previously, we set out to analyze the results of our pulse radiolysis studies making use of 
the benzophenone dosimeter7 [These studies were carried out in collaboration with the 
Majima Group at Osaka University]. This analysis is based on two assumptions: namely, 
(i) the combined concentrations of pentacene-derived excited states exactly equals the 
concentration of the BP excited-triplet state and (ii) molar absorption coefficients are 
valid for at least one of the pentacene-derived excited states. It should be stressed that, 
because of the very high solute concentrations needed for pulse radiolysis, it is not 
possible to work in the ground-state bleaching regime. This is unfortunate because, as 
will be illustrated later, our most reliable analysis makes use of the transient ground-
state bleaching signal. This is simply not possible with the pulse radiolysis data. 
Now, Table 6.1 includes initial absorbance () values for wavelengths corresponding to 
excited-singlet and excited-triplet states for TIPS-P in solution observed at the end of the 
pulse of ionizing radiation. Also shown are the initial concentrations of BP triplet, 
obtained by extrapolation of the decay curve to zero time, and the path length used for 
the experiment. Data entries are given for both benzene and toluene. The individual 
entries are used to calculate the respective absorbance (Q) projected for a path length 
of 1 cm and a BP-triplet dosimeter concentration of 40 M. In other words, we have 
simply scaled the absorbance values to match hypothetical conditions. There are no 
assumptions, other than scalability, in this rather straightforward analysis. 
Table 6.1. Values pertaining to the iSEF partitioning under pulse radiolysis conditions, 
data entries refer to TIPS-P.(a) 
Solvent Species A PL  / cm [BP] / M Q 
Benzene singlet 0.394 0.5 27.3 1.115 
 triplet 0.574 0.5 27.3 1.682 
Toluene singlet 0.443 0.5 32.2 1.101 
 triplet 0.670 0.5 32.2 1.666 
(a) Experimental values refer to zero time. 
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We now carry out a similar analysis for BBP, noting that the excited-singlet state makes 
no contribution to the signal but the triplet state shows successive fast and slow decay 
processes. To distinguish between these latter processes, we record absorbance values 
at the absorption maximum at zero time (A0) and at a time delay of 500 ns (A500). As 
before, we project the absorbance values that would pertain to a path length of 1 cm 
and a dosimeter concentration of 40 M.  In fact, the latter is not needed because the 
BP-triplet dosimeter was in fact 40 M. The data are compiled in Table 6.2. 
Table 6.2. Values pertaining to the iSEF partitioning under pulse radiolysis conditions, 
data refers to BBP. 
Solvent A0 A500 PL / cm [BP] / M Q0 Q500 
Benzene 0.651 0.420 0.2 40.0 3.255 2.100 
Toluene 0.625 0.420 0.2 40.0 3.125 2.100 
 
It will be noted that the projected triplet absorbance values are significantly higher for 
BBP than for TIPS-P. This is so for both the faster decaying triplet, assigned as T T, and 
the longer-lived triplet, attributed to T G. The latter finding indicates that somewhere 
within the iSEF and/or iTTA cycle, there is provision for formation of the mono-triplet. As 
mentioned above, there is no singlet-state contribution for BBP on the timescale of the 
experiment. We raise the condition that fast deactivation of the excited-singlet state of 
BBP is responsible for the enhanced yield of the triplet state. We have now to resort to 
the introduction of molar absorption coefficients for some excited-state species. This is 
done in two steps: Firstly, the ratio of absorbance signals for excited-singlet and excited-
triplet states of TIPS-P is taken as 0.55, which is in agreement with the report of Guldi et 
al.5 and with our own curve fitting analysis. This routine uses the molar absorption 
coefficient for the ground-state of TIPS-P in dilute toluene solution. Now, we can project 
the additional crop of triplet absorbance expected if the excited-singlet state decays 
exclusively to the triplet-excited state. We collect the results in Table 6.3 in the form of 
A0 (calc). Recall, these values are based on the agreed ratio of molar absorption 
coefficients for excited-singlet and –triplet states of TIPS-P. 
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Table 6.3. Analysis of the projected triplet yields related to iSEF partitioning under pulse 
radiolysis conditions. 
Solvent Q0 A0 (calc) ABBP AiSEF iSEF / %
Benzene 3.255 3.709 2.485 3.852 156 
Toluene 3.125 3.678 2.465 3.821 148 
 
This analysis underestimates the yield of triplet BBP because the differential molar 
absorption coefficient for the particular species is significantly less than 67,500 M-1 cm-1 
at the peak. This will be covered later but it should be recalled that the absorption band 
in the region around 520 nm is considerably broader for triplet BBP than for triplet     
TIPS-P. There is the additional problem that the spectrum evolves with time but this has 
a relatively minor effect of the absorption coefficient. Our best estimate for the 
differential molar absorption coefficient for triplet BBP at 525 nm is 42,000 M-1 cm-1 (see 
later). Now, the A0 values calculated for Table 6.3 refer to the projection based on data 
for TIPS-P. Allowing for the different molar absorption coefficients for the triplet states 
of TIPS-P and BBP, we can revise these values. The relevant factor is 0.67. This leads to 
expected normalized absorbance values (ABBP) that are less than the “observed” 
(normalized) absorbance values. We can now estimate the normalized absorbance 
values for BBP in the event that iSEF forms the triplet state in quantitative yield. The 
relevant entry in Table 6.3 comes under the heading AiSEF. This is the absorbance we 
would expect to see if all the initially formed excited-singlet state decays to form a pair 
of triplet states. Finally, we can calculate the efficiency (iSEF) for production of triplet-
excited states during iSEF for BBP in benzene and toluene. The derived values are added 
to Table 6.3. 
The first point to note is that the experimentally determined triplet absorbance (Q0), this 
referring to total triplet, falls someway short of that projected (AiSEF) if iSEF leads 
exclusively to formation of a triplet pair. That is to say, in this system, fast deactivation 
of the excited-singlet state does not appear to lead to quantitative formation of the 
corresponding triplet-excited state. Nonetheless, the actual triplet yield observed is very 
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high, being in the region of 150% for both toluene and benzene. This is in line with 
expectations based on literature systems.3-6 
We can try to go further and partition the splitting of iSEF into the most likely products. 
Thus, the fraction of the initial triplet absorbance arising from iSEF can be calculated 
from the above analysis and amounts to about 65% for both benzene and toluene. 
Analysis of the kinetic data indicates that roughly 40% of the initial triplet absorbance 
decays via iTTA. Roughly speaking, the iTTA event should lose around 60% of the 
absorbance attributed to the excited-triplet state if the conventional statistics for TTA 
hold for this system.8 This indicates that S G decays exclusively to give T T, without 
formation of the mono-triplet, T G. The product balance (i.e., the missing 25% of S G 
that does not produce T T) is achieved on the recognition that a crop of the ground 
state G G is formed in competition to T T.  
Using the above analysis, we can simulate the various concentration levels. Pulse 
radiolysis of BBP in benzene gives 22 M S1 G0, plus a crop of 18 M T1 G0. The model 
(Chapter 5, Figure 5.13) was used to simulate the recovered pulse radiolysis data 
(Figures 6.2-4). 
The compartmentalized model is described by the following differential equations:  
      
  
                                                         
      
  
                                               
      
  
                                                       
With the following starting conditions, one can accurately simulate the concentration 
profiles for the various species generated during a pulse radiolysis experiment.                 
[T T] = [G G] = 0 : [S G] = 0.55 : [G T] = 0.45. kD = 1200 , kSEF = 3.75 x 10
7 kDF = 1 x 10
5  
kTT = 3 x 10
5, kT = 1.25 x 10
7. Note the units for the various rate constants are (100 ns)-1. 
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Figure 6.2. Kinetic simulation of the concentration profile evolution at short stages of the 
cycle. Note the introduction of delayed fluorescence. Relative fractions of species plotted 
on a log scale. 
 
Figure 6.3. Kinetic simulation of the concentration profile evolution at intermediate 
stages of the cycle. This highlights the role of intramolecular triplet-triplet annihilation. 
Relative fractions of species plotted on a log scale. 
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Figure 6.4. Kinetic simulation of the concentration profile evolution at long times. 
 
6.3 Analysis of the Ultrafast Transient Absorption Spectral Data 
The most common protocol for determining triplet yields for iSEF in bis-pentacene 
derivatives makes use of differential molar absorption coefficients measured for TIPS-P 
in the appropriate solvent.3-5 For BBP, however, it is noticeable that the absorption 
profile for the S1 state is somewhat broader and slightly shifted relative to that of the 
control compound. This broadening is more pronounced for the absorption spectrum 
assigned to T1 and there is some evolution of the spectrum with time. This effect has 
been assigned to a mixture of T T and T G species at early times. There is also an effect 
due to mixing between orbitals on the pentacene moiety and the fluorene-based spaced 
unit. For this reason, it is not appropriate to employ values found for TIPS-P when 
calculating triplet yields for BBP, even in the same solvent. As a consequence, it is 
prudent to determine differential molar absorption coefficients for the excited-states of 
BBP (in toluene) and avoid reliance on those of the control compound.   
It is evident that, on relatively long timescales, the triplet-excited state shows ground-
state bleaching (GSB) in the region around 650-660 nm that is essentially free of 
contamination by fluorescence. On either side of the GSB signal, there is rather weak 
absorption due to the triplet species. Under these experimental conditions, only one of 
178 
 
the two pentacene chromophores will be at the excited-triplet state level. Therefore, the 
differential molar absorption coefficient for the triplet state (TRIP) over this narrow 
wavelength region will be given approximately as the product of the ground-state molar 
absorption coefficient multiplied by minus one-half. Due allowance can be made for the 
minor absorption by the triplet state. At the maximum of the GSB in toluene ( = 643 nm; 
GS = 40,000 M
-1 cm-1), we reach a value for TRIP of -20,000 M
-1 cm-1.  Now, comparison 
of the magnitude of the GSB to the absorbance associated with the T1-T3 absorption 
transition centred at around 525 nm allows establishment of an averaged value for TRIP 
at each wavelength. Averaging across the region around the peak absorption, we reach a 
value for TRIP of 42,000 M
-1 cm-1. This value, which is the average of 5 measurements, is 
significantly smaller than found for TIPS-P, in line with the considerably broader spectral 
profile. 
 
Figure 6.5. Ultrafast transient absorption spectra for BBP in toluene. 
By the same set of criteria it is clear that the excited-singlet state makes a positive 
contribution towards the differential molar absorption coefficient (SING) for the S1 state 
in the region of GSB. However, isosbestic points are noted for the S1-T1 evolution at 
wavelengths where the ground state exhibits low absorptivity. Unfortunately, these 
isosbestic points are useful only if the reaction stoichiometry is beyond dispute and that 
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is not really the case here. Instead, we have relied on spectral curve fitting to firstly 
eliminate any contribution due to stimulated fluorescence in the region around 650-680 
nm. Secondly, the differential absorption spectrum is regenerated by adding incremental 
amounts of the GSB in the region around 650-660 nm until a smooth residual curve is 
produced. Comparing the amount of GSB needed to produce the final spectrum gives 
access to the required value for SING. The derived value is ca. 43,800 M
-1 cm-1 at the 
differential absorption maximum of 460 nm in toluene. Now, by comparing the transient 
absorbance measured at short times (ca. 1-3 ps) at 460 nm with that measured at the 
GSB on the timescale of a few ns, we can determine the triplet yield. For toluene, we 
reach a value of ca. 160%. This is in excellent agreement with that estimated for iSEF 
accompanying the pulse radiolysis analysis. 
 
Figure 6.6. Figure illustrating how key isosbestic points in the BBP triplet spectrum can be 
used as reference points for obtaining the molar absorption coefficient of the triplet at 
525 nm. Spectra here are of BBP in toluene. Inset shows residual positive signal past the 
ground state bleach. 
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Figure 6.7. Direct comparison of the singlet-excited state spectra (left panel) and triplet-
excited (right panel) spectra for BBP and TIPS-pentacene in toluene. Singlet-excited state 
spectra are obtained at ca. 5 ps and triplet spectra obtained at 500 ps and 1 s for BBP 
and TIPS-P respectively. 
Finally, the compartmental model used to simulate pulse radiolysis experiments can be 
applied to laser transient absorption experiments. Using the same kinetic parameters as 
earlier we simply alter the starting condition to reflect the fact that the excited-singlet 
and -triplet states are no longer populated by way of electronic energy transfer. Instead, 
we start with 100% S G. By applying the differential molar absorption coefficients for 
the excited-triplet state as obtained in this chapter, we can simulate the triplet decay 
curve. With minimal optimization qualitatively comparable decay curves can be 
simulated against real triplet decay data over timescales spanning several orders of 
magnitude as can be seen from Figure 6.8. 
 
Figure 6.8. Simulation of the BBP transient triplet decay at 525 nm in toluene. 
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6.3.1 The Effect of Solvent Polarity on the Ultrafast Photophysics 
Transient absorption spectral measurements were made for BBP in a small range of 
solvents with differing polarity, under otherwise identical experimental conditions. 
Although the general features of the various spectra were not ostensibly altered by 
changing the solvent polarity (apart from slight shifts in peak maxima), the reaction 
kinetics were modified. The most notable change in the transient spectroscopic data 
occurs in the rate constant for singlet-excited state deactivation. This particular feature 
was confirmed by ultrafast transient absorption spectroscopy. Table 6.4 summarizes the 
effect of solvent polarity on the excited-singlet state lifetime (S) and on the quantum 
yield (T) for formation of the triplet-excited state. Here, the relative triplet quantum 
yield was determined from the ultrafast transient absorption spectra. In cyclohexane, 
which is the least polar of the solvents used, we find the longest fluorescence lifetime (S 
= 280 ps) and a triplet yield of T = 150%. The two parameters appear to be correlated, 
although there is considerable spread of data, in that lower triplet yields appear for 
shorter singlet lifetimes. 
 
Figure 6.9. Trend of singlet-excited decay as monitored by ultra-fast transient absorption 
spectroscopy for BBP at 460 nm in a range of solvents. 
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Before exploring the solvent dependence in more detail, it is useful to establish the 
protocol for determining triplet quantum yields T. Earlier the triplet quantum yield was 
carefully established for BBP in benzene and toluene from pulse radiolysis experiments. 
The triplet yield in non-polar solvents (150%) is taken as the baseline for comparison 
with the more polar solvents. In making this analysis, it is assumed that the ratio of 
molar absorption coefficients for the singlet- and triplet-excited states is not sensitive to 
the solvent polarity. Each absorbance measurement is taken at the maximum, thereby 
allowing for small solvent shifts.3,5 Finally, it should be stressed that initial studies refer 
only to the total triplet yield, with no attempt to partition this between T T and T G. 
We accept that the quantum yield for formation of the excited-singlet state is unity in all 
solvents and that the corresponding differential molar absorption coefficient is 
insensitive to solvent polarity. The molar absorption coefficient of a single triplet for BBP 
was determined to be 42,000 M-1 cm-1 at 525 nm from pulse radiolysis measurements 
(using the method from Chapter 4). The absorption coefficient for the singlet-excited 
state at the peak maximum (approx. 460 nm) is 43,800 M-1 cm-1 in toluene. We assume 
that this latter value is independent of solvent polarity. Rather than use the value 
derived for TRIP, we prefer to rely on the absorbance change associated with the GSB 
signal in the wavelength region around 650-660 nm. We fix this value at -20,000 M-1 cm-1. 
Now we are able to compare the concentration of singlet and triplets and derive the 
triplet quantum yield using Equation 6.4. It is important to ensure the GSB signal is not 
contaminated by other transient species such as stimulated emission.9 
A visual representation of how we determined the triplet yield is provided with Figures 
6.10 and 6.11. In each case, the absorbance for the singlet-excited state measured at 5 
ps is compared to that of the excited-triplet state measured at 5 ns. In Figure 6.11, the 
triplet spectra collected in several solvents are normalized to a common singlet-excited 
state absorbance, which allows for direct comparison of the concentration of triplet 
species represented by the GSB. There was some concern that the baseline might be 
shifting during the course of the transient spectra, but identification of isosbestic points 
confirms the signal at early and later times can be compared directly. 
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Figure 6.10. Illustration of how the triplet quantum yield for BBP was determined from 
the evolving ultrafast transient spectra in cyclohexane. Here the absorbance values used 
in Equation 6.1 are identified. 
 
Figure 6.11. Normalized triplet absorption spectra for BBP in a selection of solvents 
illustrating the trend in triplet quantum yield. 
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The rate constant (kS) for deactivation of the excited-singlet state is calculated as being 
the reciprocal of its lifetime. The derived values are listed in Table 6.4 and compared to 
the solvent dielectric constant. It is seen that kS increases steadily with increasing S 
across the solvents used. It is conceivable that the rate constant for singlet fission 
changes with solvent polarity, leading to an enhancement of nonradiative decay. 
Another possibility is a change in the partitioning in mono and dual triplets. Indeed other 
investigators have indicated that singlet fission is in some cases mediated by charge 
transfer states.10-12 The triplet yield is clearly above 100% in all the solvents investigated, 
but decreases with increasing solvent polarity, as measured in terms of the static 
dielectric constant (Table 6.4). Somewhat surprisingly, the triplet yield evolves with the 
inverse of the rate constant for global decay of the S1 state. Thus, increased rates of 
decay of S1 correspond to lower triplet yields. This same effect was reported by Friend et 
al. for iSEF in an orthogonally linked bis-pentacene derivative, although only two 
solvents were compared.1 It is interesting to enquire more deeply into this situation. 
    
              
             
  
                           
  
                     
 
Table 6.4. Solvent dependence on excited-singlet state lifetime and triplet yield as 
recorded for BBP in dilute solution. 
Solvent S (ps) 
 
kS (10
9 s-1) S T 
T-T 
(ns)
T-G 
(ns)
C6H12 280 ± 15 3.6 2.0 162 150 6.3 
Tol 200 ± 10 5.0 2.4 160 150 6.0 
CHCl3 170 ± 9 5.9 4.8 145 120 5.8 
THF 130 ± 7 7.7 7.6 140 - - 
BzCN 100 ± 5 10.0 25 130 100 5.5 
 
In addition to the trend in the triplet yield there is also a small change in the triplet 
lifetimes. The lifetime for the mono-triplet shows only a modest dependence on solvent 
and appears to decrease slightly in more polar solvents. A more significant effect is 
observed for the lifetime of the dual-triplet, which we believe is set entirely by iTTA. 
Here, the lifetime shortens in the more polar solvents. It might be noted that in viscous, 
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non-polar environments, the rate of iTTA decreases significantly. For example, in mineral 
oil the lifetime is extended to ca. 200 ns while in a drop-cast Zeonex film doped with BBP 
the value rises to some 300 ns. In both these latter cases, decay of T T remains as a first-
order process.   
For the excited-triplet state there can be no possibility for light-induced charge transfer 
between the pentacene units. This might not be the case for the excited-singlet state in 
polar solvent. However, the electrochemical data discussed earlier can be used to 
estimate the thermodynamic driving force (GCT) for intramolecular electron transfer
13 
in CH2Cl2 solution. For this, we use Equation 6.2
14 where EOX (= +0.56 V vs Ag/Ag
+) and 
ERED (= -1.25 V vs Ag/Ag
+), respectively, are the half-wave potentials for oxidation and 
reduction of the TIPS-P units present in BBP. The excitation energy, E00 (= 1.88 eV), is 
determined as the intersection between normalized absorption and emission spectra. 
The final term of the equation accounts for the electrostatic stabilization of the radical 
ion pair, where   is the elementary charge of an electron,    the vacuum permittivity,    
the dielectric constant of the solvent and     the distance between the two charges. 
                        
  
         
                  
     
  
      
   
 
  
 
 
   
  
  
     
   
 
  
           
The latter term is assumed to be similar to the centre-centre separation of 23 Å. The net 
result is an approximation that GCT in CH2Cl2 has a value of about –0.14 ± 0.02 eV. This 
would suggest that light-induced electron transfer is slightly favourable under these 
conditions. The nature of the solvent affects both the electrostatic energy and the 
reduction potentials. This latter effect can be calculated using the Weller equation 
(Equation 6.6)15, where rP (= 8 Å) is the approximate radius of a TIPS-P molecule,     is 
the centre-centre distance of the pentacene units and   
  is the dielectric constant of the 
medium used for cyclic voltammetry measurements. The conclusion from these 
calculations is that GCT for light-induced electron transfer between TIPS-P molecules 
transforms from strongly positive in cyclohexane to mildly negative in benzonitrile 
(Figure 6.12 inset).  
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Figure 6.12. Singlet decay rate of BBP plotted against reciprocal dielectric constant. Inset 
the driving force for photoinduced electron transfer is plotted against solvent dielectric. 
Since the rate constant for electron transfer depends exponentially on the driving force, 
it follows that electron transfer will be important only in polar solvents. It also follows 
that light-induced electron transfer cannot take place from the triplet-excited state 
because of the dramatic lowering of E00 in Equation 6.2. This positions the resultant 
charge-transfer state (iCTS) between the excitation energies for singlet and triplet states. 
As such, charge recombination will result in population of the triplet-excited state rather 
than the ground state, at least according to the Englman-Jortner energy-gap law.16 This 
route cannot produce the excited-triplet state in a yield higher than 100% and it can lead 
only to T G. Since the triplet yield decreases with increasing solvent polarity, it would 
appear that the energetic of the system are such that a potential CTS is positioned 
slightly below the singlet excited state. 
There is no obvious indication for the formation of a radical ion pair in any of the 
transient differential absorption spectral records and the solvent effect on the triplet 
yield counts against rapid spin conversion within any such short-lived species. That the 
rate constant for iTTA and that for iSEF show similar escalations in polar solvents 
suggests a common mechanism or intermediate species. The latter would require some 
kind of charge-transfer character allowing for solvent stabilization. The report by Friend 
et al. indicates that the rate of iTTA decreases markedly with increasing viscosity of the 
host medium,1 although this effect was not explained in the manuscript. We see a 
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similar effect with paraffin oil and with the thin film. It is possible that the solvent and 
viscosity effects are linked and point towards an optimum geometry for maximizing spin 
conversion involving through-bond interactions. Such effects are known for enhanced 
intersystem crossing occurring in geminate ion pairs evolving from excited-singlet states, 
where the importance of orthogonal geometries has been stressed.17 Our results would 
require that the solvent plays a role in establishing the molecular geometry (by imposing 
partial charge-transfer character) and in restricting access to favourable geometries (by 
a viscosity-imposed barrier). There are two opposing situations: Increased charge-
transfer interactions enhances the rate of deactivation of the excited state (either S G 
or T T) but the average conformation associated with such structures is not favourable 
for rapid intersystem crossing. A nonpolar environment, or a viscous medium, 
destabilizes the geometry required for rapid quenching but gives (distribution of) 
geometries more aligned to intersystem crossing.  
 
Figure 6.13. Scheme illustrating the effect of geometry on the rate of intersystem 
crossing in BBP. 
Since even in cyclohexane the triplet yield falls short of the maximum value of 200%, it 
follows that the optimum geometry for intersystem crossing has not been attained. 
Most likely, super-exchange interactions play a role in promoting through-bond 
interactions in BBP and the small red-shifts found for absorption (and emission) 
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transitions confirm electronic interaction between pentacene and the fluorene spacer. A 
key feature in both iSEF and iTTA processes is the energy of the excited-triplet state. It 
seems that T T and T G might possess slightly different energies. The relationship 
between the electronic energies of S G and T T is critical for both processes but we 
have not succeeded in establishing a value for T T (or indeed T G). A further difficulty is 
that it is difficult to quantify the amount of delayed fluorescence with any real precision. 
Thus, we are still missing some important features that might help an improved 
understanding of the photophysics of BBP. 
6.4 Conclusions 
At this point it is clear that, in common with many other covalently-linked polyacenes1-6, 
BBP populates the triplet manifold in yields higher than 100%. A few years ago, this 
would have been regarded as astonishing but, such has been progress in the field, this is 
no longer surprising. In this chapter, we have reached consensus on a triplet yield of 150% 
in toluene. The same value is found in benzene and cyclohexane. The fact that both SEF 
and TTA occur within thin films at high dilution confirms that these processes are based 
on intramolecular reactions. The effects of the surrounding medium are explained in 
terms of subtle geometry changes but more information is needed to fully explain the 
effects of polar solvent. We have found, but not discussed in detail here, that the rate of 
iTTA is weakly activated with an activation energy comparable to that of the solvent 
viscosity.  
We are well aware that the energetics for BBP are critical and we have made every 
effort to establish a meaningful triplet excitation energy for this compound. Direct 
comparison between BBP and TIPS-P is not so meaningful because of significant shifts in 
electronic levels. We are attempting to establish if the longer-lived triplet state is able to 
sensitize formation of singlet molecular oxygen. Other on-going studies attempt to use 
photoacoustic calorimetry to measure the triplet energy. Neither study has advanced 
sufficiently to be included in this work. We have also examined iTTA for BBP in a thin 
film and expect to publish the results in a forthcoming article. 
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Chapter 7: Cyanine Dyes as Ratiometric 
Fluorescence Standards for the Far-Red Spectral 
Window 
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7.1 Introduction 
The availability of fluorophores emitting in what might loosely be defined as the red-
region (600-800 nm) of the visible and near-infrared (800-1000 nm) spectral ranges has 
increased precipitously in recent years.1-3 Particularly for biomedical applications, this 
spectral window is important because light at wavelengths longer than 650 nm 
penetrates soft tissues and cells without causing damage.4,5 Other advantages to 
targeting far-red fluorescence include lower levels of background signal and reduced 
scattering. For both fluorescence microscopy and photodynamic therapy, there are now 
a number of chromophores absorbing and emitting in this region.6 Low band-gap 
polymers and NIR emitters are of interest in the context of organic semiconductors, 
solar concentrators and solar cells.7,8,9 
In terms of quantitative analysis, there is a pressing need for reliable protocols which 
can be applied to determine fluorescence quantum yields for emitters in this spectral 
window. Few commercial instruments are well equipped to handle samples emitting in 
the far-red, at least without expensive attachments. There are few recommended 
ratiometric standards suitable for this spectral window and, where standards are 
available, these have not been subjected to the rigorous testing usually given to 
conventional standards. Specifically, there is not a simple series of readily available 
standard emitters to cover the region of interest and that could be used to construct 
calibration curves with which to correct existing instruments. An alternative to 
identifying ratiometric emitters is to use an integrating sphere but such instrumentation 
is not widely available to investigators.10 
Given that the fluorescence quantum yield is a fundamental photophysical 
measurement, central to investigations in this thesis, this chapter sets out to address 
some of the problems with quantitative measurements of fluorescence in the 600 to 
1000 nm spectral window. A new set of red-emitting fluorescence yield standards is 
proposed, using a series of commercially available cyanine dyes. In order to accurately 
measure the fluorescence yields, a previously reported technique, thermal blooming 
(aka. thermal lensing) spectroscopy11,12, is reintroduced. Although the method was 
proposed in the 1970s by Magde and co-workers13, the technique has been relatively 
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underexploited over the intervening decades. In this study, a bespoke thermal blooming 
spectrometer was constructed and we establish simple protocols for fluorescence yield 
measurements at a fraction of the cost of a commercial spectrophotometer.  
The dyes employed for this work were studied in methanol solution at room 
temperature. The compounds were selected so as to span the emission wavelength 
region from 650 to 950 nm, with absolute emission quantum yields being determined by 
thermal blooming spectrometry. Where possible, fluorescence yields were also 
determined against previously established standards, using a conventional fluorescence 
spectrophotometer. These cyanine dyes were shown to be readily soluble in organic 
solvents, without sign of aggregation at appropriate concentrations, and to present a 
common structural platform. The latter is useful in attempting to rationalize the 
photophysical properties, as a check on the derived quantum yields. Calibration of the 
instrument is made by reference to aluminium(III) phthalocyanine tetrasulfonate and 
aza-BODIPY14,15 in methanol. 
7.2 Results and Discussion 
A detailed description of the underlying theory and experimental setup for our thermal 
blooming instrument (Figure 7.1) is given in the Experimental Methods chapter. To 
précis the core concept, thermal blooming can be used to determine the absolute 
fluorescence quantum yield through an indirect measurement, namely recording the 
nonradiative component instead of fluorescence. A silicon photodiode detector is used 
to measure the change in refractive index of the solvent as excitation energy delivered 
from an incident laser beam is transferred from the absorbing fluorophore to the solvent.  
Since commonly used solvents are transparent to lasers in the visible spectrum, it is safe 
to assume any heat deposited in the solvent arrives from nonradiative decay of the 
fluorophore. The lower the fluorescence yield, the more heat is transferred to the 
solvent through vibrational relaxation and vice versa. The total energy of the system can 
therefore be accounted for by assuming the excitation power must equal the sum of the 
transmitted power, fluorescence, and heat from nonradiative decay of the fluorophore. 
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Figure 7.1. Scheme illustrating the thermal blooming spectrometer setup constructed for 
this study. A. laser; B. plano-convex lens; C. digital optical shutter; D. sample cuvette;      
E. filter; F. detector. 
What the detector sees is the excitation beam, which has been focused onto the sample. 
As the solvent heats up after a brief exposure to the laser, light incident on the detector 
will defocus (i.e. expand or “bloom”), which will correspond to a transient decay of 
current, monitored with a digital oscilloscope. The recovered data are fitted to the 
model described by Equation 7.1. 
7.2.1 Experimental Protocol 
An important consideration for obtaining reliable thermal blooming measurements is to 
avoid depositing too much heat in the solvent reservoir, in which case the results 
become distorted due to aberration and convection currents. In methanol, the upper 
limit for incident laser power before these detrimental effects become noticeable is 0.6 
mW.16  For a given excitation source, the absorbed power must be kept below this 
threshold, either by adjusting the sample absorbance or by attenuating the laser beam. 
With the 3 mW 635 nm cw laser used here, liquid samples in a 1-cm quartz cuvette 
possessing an absorbance <0.1 (i.e. less than 20% of the incident laser power is absorbed 
by the sample) at the excitation wavelength fulfil this condition.  
The sample must be placed in a region where the waist of the beam is uniform through 
the cell path length. This is referred to as the Rayleigh distance and can be optimized by 
adjusting the distance between lens and sample until the maximum thermal blooming 
signal is observed. The entire optical rail should be isolated from stray light during a 
measurement. The detector used here functions between 400 and 1100 nm, so any laser 
in that range could be used as an excitation source to obtain fluorescence yield 
measurements. 
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For fluorescence yield measurements, the following experimental procedure was 
established: solution samples containing the fluorophore of interest were measured in   
1 cm quartz cuvettes against a non-fluorescent standard absorbing in the same region, 
Brilliant Green. Other standards tested include crystal violet and copper(II) sulfate. In the 
635 nm region these were deemed usable alternatives. Brilliant Green is a particularly 
good choice because, as a member of the triarylmethine family, it has a well 
characterized, viscosity-dependent radiationless channel that serves to depopulate the 
excited-singlet state on a rapid timescale.17 In a non-viscous solvent such as methanol, 
Brilliant Green (    
    = 625 nm in MeOH) shows no significant fluorescence at ambient 
temperature (fluorescence yield <0.001).  
All samples were measured in air-equilibrated solution. Although one may consider 
purging solution samples of oxygen a more thorough approach, ensuring an absence of 
bimolecular quenching of fluorescence with molecular oxygen, this can be a superfluous 
exercise. It is impractical to try and establish a standard for the degree of deoxygenation 
of a solvent. Furthermore, any fluorophore with a singlet lifetime S1 below 10 ns will 
have only a marginal possibility of quenching by diffusional contact with molecular 
oxygen18, the fluorescence lifetime being effectively at the diffusion-controlled limit for 
common solvents. 
The absorbance of each sample was carefully matched with the standard at 635 nm. This 
absorbance was maintained in the range 0.07 to 0.10. All measurements were made in 
the same cuvette held in the same orientation to avoid any error arising from 
manufacturing differences in the quartz surfaces. It was also important to isolate the 
instrument from vibrations. 
Measurements involved opening a digital optical shutter for 0.5 s periods at 5 s intervals. 
Each measurement involves 16 repeats. An oscilloscope collects and averages the signal 
across a pre-determined number of recordings. Data sampling was at a rate of 10,000 
counts per second. The photocurrent decay traces for both the standard and sample 
were analyzed according to Equation 7.1 in order to obtain the critical value θ. Finally, 
Equation 7.2 was used to determine the fluorescence yield. Each experiment was 
repeated at least 7 times. Absorption spectra were recorded with a Hitachi U-3310 
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spectrophotometer and fluorescence spectral measurements were made with a Horiba 
Fluorolog Tau-3 system, with a R928 detector being used for emission up to 830 nm, 
beyond that a R2658P detector was used (allowing spectra up to 1000 nm). A typical 
output from a thermal blooming measurement saw good agreement between the 
thermal blooming model and raw data. 
              
  
  
 
  
 
 
 
     
  
  
 
  
  
  
                             
       
  
  
  
  
 
   
  
                             
Here    is initial laser intensity,   is time and    describes the thermal diffusivity of the 
solvent. The term θ is directly proportional to the radiant heat. In Equation 7.2,   refers 
to the absorbance of the sample   and non-fluorescent reference  . To account for 
energy lost to the Stokes’ shift, the excitation energy (in wavenumber)     is divided by 
the mean fluorescence maximum    to provide a correction factor. The preferred 
solvent for this work was methanol. Particularly in the case of the cyanine dyes, this 
solvent precludes influences from dimerization and aggregation apparent when an 
aqueous solvent is used. Beer-Lambert law plots of all samples showed no evidence of 
aggregation through a concentration range up to at least 1 x 105 M in CH3OH. Due to its 
relatively large specific heat capacity, water is the “least sensitive” solvent for thermal 
blooming measurements. Each solvent has a characteristic diffusion time (in seconds), 
fitting raw data to Equation 7.1 typically resulted in a    value for CH3OH of 0.055 s. This 
is in agreement with reports in the literature.19 
7.2.2 Calibration with Control Compounds 
To ensure the accuracy and reproducibility of the thermal blooming apparatus, the 
fluorescence quantum yield (F) of aluminium(III) phthalocyanine tetrasulfonate (AlPcS) 
in methanol was measured repeatedly over a four-month period by thermal blooming 
and by conventional measurements on a fluorometer (using a total of three different 
instruments). Results with thermal blooming spectroscopy were obtained with 
excitation at 635 nm and a series of concentrations was used. The non-fluorescent 
standard was Brilliant Green as for all other measurements. The mean F value was 
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found to be 0.55 ± 0.02 (Table 7.1). This can be compared with 0.51 as reported by 
Beeby et al.20 Other literature values for the compound place the fluorescence yield for 
AlPcS in the range 0.51-0.55 in organic solvents.21,22 In aqueous solution, dimerization 
will result in diminished fluorescence and at elevated concentration the inner filter 
effect has to be considered.23 The absorption spectrum of AlPcS covers the wavelength 
range from 550 to 680 nm, with excellent absorption at the excitation wavelength. 
Fluorescence is readily observed in the red region (Figure 7.2). Using a conventional 
spectrophotometer (EX = 610 nm), F was found to be 0.54 ± 0.05 in methanol by 
comparison to free-base meso-tetraphenylporphyrin in N,N-dimethylformamide solution 
(F = 0.12).
21 This set of results appears to be self-consistent and the validity of the 
thermal blooming set-up is therefore confirmed. Our sample of AlPcS gave a single-
exponential decay profile, with an excited-state lifetime (S) of 6.6 ± 0.2 ns, when excited 
at 635 nm under time-correlated, single photon counting conditions (Table 7.1). Overall, 
AlPcS is a promising fluorescence standard for excitation in the 580-640 nm for highly 
fluorescent dyes such as BODIPY, BOPHY and tetrapyrrolic pigments. Care should be 
taken to verify the authenticity of the standard sample here though. 
 
Figure 7.2. Room temperature steady-state absorption and fluorescence spectra of AlPcS 
in methanol. Molecular formula is given in the inset. 
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A further test of the experimental set-up was made using two aza-BODIPY derivatives 
aza-BOD-1 and aza-BOD-2 which differ only by substituents attached to the 3,5-aryl 
groups. The photophysical properties of aza-BOD-1 were discussed in Chapter 3 and are 
therefore well-established. For aza-BOD-1, F has a value of 0.56 and S is 3.5 ns (Table 
7.1). Thermal blooming studies in methanol gave rise to a F value of 0.58 ± 0.02 (Table 
7.1). The same F was recovered for different concentrations within the micromolar 
range and under various experimental configurations. The value, at least in methanol 
solution, is consistent with hydrogen bonding to the meso-nitrogen on the BODIPY as 
already discussed in Chapter 3, and is a highly reproducible result. 
Table 7.1. Summary of fluorescence quantum yields available for the compounds used to 
calibrate the thermal blooming set-up.(a) 
Dye F Method Error S / ns 
(b) 
AlPcS 0.51 LIT (c) ±0.026 6.0 
 0.54 SSF (d) ±0.050 6.6 
 0.55 TBS (e) ±0.016 6.6 
aza-BOD-1 0.60(f) LIT ±0.030 - 
 0.56 SSF ±0.028 3.5 
 0.58 TBS ±0.017 3.5 
aza-BOD-2 0.33 SSF ±0.017 2.3 
 0.33 TBS ±0.017 2.3 
(a) All measurements made in methanol at 20 0C. (b) Excited-singlet state lifetime 
measured by time-correlated, single photon counting. (c) F taken from the literature.
20 
(d) F measured in this work using conventional steady-state emission spectroscopy.       
(e) F measured in this work by thermal blooming spectrometry. (f) Lit. value in EtOH.
14 
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Figure 7.3. Steady-state absorption and emission spectra of aza-BOD-1 (red and orange) 
overlaid with aza-BOD-2 (green) at room temperature in methanol. The traces are 
normalized a ratio of 2:1 due to overlapping spectra. 
The photophysical parameters for aza-BOD-2 have not previously been reported in the 
literature, but the absorption and emission maxima are very close to that of aza-BOD-1 
(Figure 7.3, Table 7.2). Conventional determination of the fluorescence quantum yield 
using aza-BOD-1 as a reference gave a value of 0.33 (Table 7.1). The excited-state 
lifetime was found to be 2.3 ns, noticeably shorter than that found for aza-BOD-1 under 
identical conditions. Using the thermal blooming method, the fluorescence quantum 
yield for aza-BOD-2 was determined to be 0.33 ± 0.02. The modest differences in 
fluorescence yield and lifetime found for these two aza-BODIPY emitters is explained in 
terms of enhanced nonradiative deactivation promoted by the O-H bond present in aza-
BOD-2. This finding is precisely in line with expectations based on the Englman-Jortner 
energy-gap law.24 Overall, for both BODIPY dyes the level of agreement between 
conventional fluorescence measurements and thermal blooming is excellent across this 
particular (but narrow) wavelength range. Due to the apparent reliability of the 
technique, at least for moderately to highly fluorescent samples, we can now attempt to 
extend the range of fluorophores into the near-IR region, where most fluorometers are 
less reliable or cannot detect at all (see experimental chapter for a brief discussion). 
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Some consideration should be given to possible alternative fluorescent standards for the 
red region. Indocyanine Green and Cresyl Violet (    
    = 603 nm,     
     
 = 622 nm in 
ethanol) have often been proposed. Indeed, Magde and co-workers proposed Cresyl 
Violet as a standard after measurements were made with thermal blooming.25 As a 
practical proposition, however, fluorescence measurements obtained by other members 
of our research group have shown that the photophysical properties of Cresyl Violet are 
very sensitive to the nature of the solvent. Fluorescence yields and singlet decay 
lifetimes vary drastically with solvent polarity and concentration. A further alternative is 
the oxazine dye known as Nile Blue. This dye has reported fluorescence quantum yields 
ranging from 0.23 to 0.47.26,27,28 Our measurements of Nile Blue in ethanol (    
    = 627 
nm,     
     
 = 664 nm) resulted in a value 0.23 by the thermal blooming and a value of 
0.26 by conventional fluorescence measurements made against meso-
tetraphenylporphyrin. Nile Blue clearly displayed scatter in its fluorescence spectrum. 
Furthermore, the dye exists as an equilibrium mixture of protonated and deprotonated 
forms unless a small amount of acid is added to the solution. In our hands, neither of 
these two alternatives is a viable emission standard, especially for use by non-specialist 
researchers. 
By far the best fluorescent standard noted during work encompassed in this thesis is the 
free-base meso-tetraphylporphyrin (m-TPP). It has repeatedly been reported with a 
fluorescence yield between 0.11 and 0.13 in a range of solvents.21,29,30 It also yields 
results very close to the thermal blooming measurements made here. The main 
disadvantage with m-TPP is that the fluorescence yield is relatively low, not ideal for 
comparison with strong fluorophores. An ideal fluorescence standard would have a 
fluorescence yield of 0.3 to fulfil this condition.31 The porphyrin does have the advantage 
of providing a range of possible excitation wavelengths and, by way of direct excitation 
into the Soret band at 420 nm, of being usable at extremely low concentration.  
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7.2.3 Errors and Reproducibility 
The sources of errors in conventional fluorescence yield measurements have been well 
documented, with the most obvious being self-absorption due to working with too 
concentrated solutions.32-34 An equally important consideration is the presence of 
fluorescent impurities. With the thermal blooming technique, there are a number of 
potential sources of systematic error.13 Chief amongst these is determining the exact 
amount of laser power being transmitted through the sample. The most practical way of 
achieving this result is by measuring the absorbance. A restriction specific to the thermal 
blooming technique comes about when the fluorescence yield is very small. In this case, 
the thermal blooming traces for the standard and sample become increasingly 
comparable. In this situation, the ratio 
  
  
 (Equation 7.2) approaches unity and the 
emphasis on experimental error shifts to the recorded absorbance. For very low 
quantum yields, minor variations in absorbance translate into major uncertainties in the 
recovered parameters, leading to overall errors in excess of ±5%. As such this technique 
is not well suited to measuring fluorescence quantum yields less than ca. 0.05. 
We emphasize the problem of fluorescent impurities present in the sample of interest; 
this is a real concern for some of the multi-component molecular systems studied across 
the field. For a fluorophore analyzed with a conventional fluorometer, any trace of 
highly fluorescent impurity will be detected in full, possibly even overlapping with the 
target fluorescence. Since the thermal blooming experiment operates by absorption and 
not by detecting fluorescence, the problem with small amounts of impurity can be 
minimized. For example, the presence of 1% of a totally fluorescent impurity could not 
make more than 1% difference to the thermal blooming yield. This is because thermal 
blooming does not measure emission and insignificant contributions to the overall 
absorbance made by trace impurities make little difference to the overall signal. Another 
important consideration is the inner-filter effect. Fundamentally, since one is not 
detecting fluorescence at the detector with thermal blooming, the effects of the inner-
filter effect might be expected to be minimized with the technique.35 Other pitfalls 
inherent to conventional fluorescence measurements, such as Raman and Rayleigh 
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scattering, and the non-linear response of detectors and diffraction gratings can also be 
marginalized. 
As a representative example of the reproducibility of results obtained by the thermal 
blooming method, the fluorescence yield was measured for five samples of the cyanine 
dye cy643 (discussed later) at different absorbance values within the range 0.05 to 0.1. 
Under controlled conditions, the standard deviation of the recorded fluorescence yields 
was ±0.01 suggesting results are highly reproducible. Taking into account that the noise 
on a typical oscilloscope trace was found to be ±2% of the mean value, one can conclude 
that the accuracy of the measurement is well within ±5% for a reasonably emissive 
sample (> 20% fluorescence yield). 
7.2.4 Cyanine Dyes 
Cyanine dyes are some of the most important pigments used in the industrial age. Their 
photophysical properties are very well understood, as was discussed in the introductory 
chapter. With typically narrow fluorescence and emission maxima, high molar 
absorptivity, moderate to high fluorescence quantum yields and readily tunable spectral 
profiles across the UV-visible range into the near-IR, they are ideal candidates for 
fluorescence standards across a wide spectral window. For this study, a series of five 
commercially available cyanine dyes was selected on the basis of covering the 600-800 
nm absorption range by varying the conjugation length (Figure 7.4). The target dyes are 
soluble in methanol and free from aggregation at the concentrations appropriate for this 
work (micromolar range). The purity of the samples was confirmed by NMR 
spectroscopy (coutesy of Dr C. Wills and Prof W. McFarlane). The molecular formulae 
are provided in Figure 7.4. For the two Cy5 dyes, cy643 and cy681, it was possible to 
determine F values by ratiometric measurements using AlPcS and free-base meso-
tetraphenylporphyrin as reference. The values are collected in Table 7.2 and serve to 
indicate that the compounds are relatively strong emitters. Although the dyes selected 
for study here are commercially available, their photophysical properties have not 
previously been investigated in detail. 
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Figure 7.4. Chemical formulae for the cyanine dyes examined in this study alongside 
room temperature steady-state absorption and fluorescence spectra in CH3OH. 
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Figure 7.5. Normalized absorption spectra of the cyanine dye series in methanol. The 
colour of the trace corresponds to following compound: black: cy643, red: cy681, blue: 
cy746, purple: cy760, orange: cy794. The trace shaded green is that of the non-
fluorescent standard, Brilliant Green. The vertical red line marks the excitation 
wavelength for thermal blooming measurements. 
For the remaining cyanine dyes (cy746, cy760, cy794), it was not possible to generate 
meaningful F values by conventional steady-state emission spectroscopy due to the 
lack of appropriate control compounds. Instead, the thermal blooming technique was 
successfully applied to this problem. Comparison of F values measured by the two 
techniques for cy643 and cy681 in methanol showed agreement within 5% of each other 
(Table 7.2). Fluorescence yields for the cyanine dyes decrease steadily as the conjugation 
length increases, falling from 0.43 for cy643 to 0.056 for cy794 (Table 7.2). With a 
fluorescence yield of 0.056, cy794 is at the lower usable limit for thermal blooming 
measurements.  Reproducibility of the results remained good throughout the series of 
dyes though. It is convenient that all the dyes investigated here can be excited with the 
single 635 nm source. Clearly there is an advantage to the absence of inner filter effects, 
otherwise accurate measurements of cy643 (for which the results agree very well with 
conventional fluorescence measurements) would not be possible.  
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For the dyes emitting in the near-IR, excitation is at a wavelength with low molar 
absorptivity (Figure 7.5), but results nonetheless remain highly reproducible. Table 7.3 
summarizes the wavelength ranges covered by each of the cyanine dyes. This represents 
only a small selection of the dyes available from the manufacturer. Unsurprisingly, 
cyanine dyes being so well understood, many more derivatives with other excitation 
wavelengths and solubility characteristics are available. Overall, the current selection of 
dyes gives good coverage of the red to near-IR region with solubility in organic solvents 
for cy746, cy760 and cy794 and additionally water-solubilizing groups on cy643 and 
cy681 lend themselves towards being studied in aqueous environments, useful for 
biomedical applications. 
Table 7.2. Compilation of the photophysical properties derived for the series of cyanine 
dyes in methanol solution at 20 0C. 
Compound ABS / 
nm 
FLU / 
nm 
MAX /  
M-1 cm-1 
S / 
ns 
F 
(a) F 
(b) SB / 
ns (c) 
kNR / 
107 s-1 
(d) 
cy643 643 668 218,000 0.95 0.41 0.43 1.44 60.0 ± 
9.0 
cy681 681 706 166,000 0.87 0.24 0.24 1.10 87.6 ± 
13.1 
cy746 746 774 258,000 1.20 N/A 0.20 0.68 66.8 ± 
10.0 
cy760 760 782 312,000 1.00 N/A 0.18 0.72 81.5 ± 
12.2 
cy794 794 817 246,000 0.98 N/A 0.056 0.24 96.0 ± 
14.4 
(a) Fluorescence quantum yield measured by conventional steady-state fluorescence 
spectroscopy. (b) Measured by thermal blooming. (c) Radiative lifetime measured as the 
inverse of the radiative rate constant determined from the Strickler-Berg expression.      
(d) Rate constant for nonradiative deactivation of the emitting state. 
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Table 7.3. Summary of the most suitable excitation and emission spectral ranges for the 
cyanine dyes in methanol solution.(a) 
Dye Excitation Range / nm Emission Range / nm 
cy643 600-645 650-775 
cy681 640-680 680-820 
cy746 685-750 750-900 
cy760 700-760 750-900 
cy794 730-795 775-950 
(a) These wavelength ranges should not be considered as being absolute but are 
representative a usable spectral window. 
Cyanine dyes have been proposed as fluorescence standards before.10,36,37 Indeed, they 
have featured prominently in fluorescence microscopy due to their being known for 
bright fluorescence over a wide range of energies. One of the better known IR-emitting 
cyanine dyes is Indocyanine Green, which is quite well characterized.38 The fluorescence 
yield of Indocyanine Green is reported as 0.13 with an emission maximum at 835 nm (in 
dimethyl sulfoxide). Although the yield is low, many organic fluorophores have a 
fluorescence yield possessing a fraction of this because many dyes are modified to emit 
in the infrared by attaching several peripheral substituents, often with their own 
associated nonradiative relaxation pathways. This may make cy794 a desirable standard 
for those IR-emitters with very low fluorescence yields.  
It will be noted that the reported F values decrease progressively as the emission 
maximum moves to lower energy (Figure 7.6). Indeed, F for the most red-shifted dye, 
cy794, is at the lower limit for accurate determination by thermal blooming. This finding 
suggests that cyanine dyes might not be appropriate standards for compounds that emit 
strongly at wavelengths longer than 800 nm. A fair conclusion based on the results 
obtained here is that cyanine dyes are very well suited as fluorescent reference 
compounds for excitation wavelengths stretching from 500 to 800 nm. A particular 
feature of these dyes concerns the sharp absorption profiles with pronounced shoulders 
on the high-energy side of the optical transition. This shoulder provides an ideal 
207 
 
excitation point, so that absorbance can be measured rather accurately. In methanol, no 
problems were encountered with the photostability of the cyanine dyes during 
prolonged and repeated measurements on the thermal blooming setup. For Brilliant 
Green, one must be aware that there is a gradual irreversible bleaching over longer 
periods, but this does not occur on the timescale of individual experiments. 
 
Figure 7.6. Correlation between the mean fluorescence spectral maximum and the 
fluorescence quantum yield measured for the cyanine dye by thermal blooming. 
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7.2.5 The Interplay of Radiative Decay and Isomerization 
For the cyanine dyes reported here, the Stokes’ shift falls within the range 350 to        
580 cm-1, indicating only minor structural changes between absorbing and emitting 
species. The molar absorption coefficients at the peak maximum (MAX) are high and do 
not follow any clearly definable pattern. Notably, the radiative rate constants calculated 
from the Strickler-Berg expression39 (kSB) evolve smoothly across the series (Table 7.2), 
giving a clear correlation with the mean fluorescence maximum (F) measured in terms 
of wavenumber. The singlet-exited state lifetimes however remain at approximately 1 ns 
throughout the cyanine dye series, which means the nonradiative rate constant changes 
very little under these circumstances. This is a somewhat surprising finding because the 
trend in nonradiative rate constant does not follow the observed trend in F (Table 7.2). 
This situation goes against a simplistic interpretation in terms of the energy-gap law, 
which would predict an increase in kNR as the emission energy decreases.  
To explain the crude correlation of emission energy versus fluorescence quantum yield 
seen in Figure 7.6, one must invoke contributions from an additional nonradiative 
pathway. Cyanine dyes are well-known to undergo photoinduced isomerization with cis-
trans transformation along the polymethine chain.40,41 This apparent trend is a result of 
the special circumstance where the rate constant (kNR) for nonradiative deactivation of 
the excited state is essentially balanced by opposing changes in the radiative rate 
constant (kRAD) across a series of emitters. The situation is quite rare but arises here 
because of competing processes on the relevant energy gap.24,41 One would expect the 
rate of internal conversion to the ground state24 to increase with decreasing F but the 
rate of isomerization from the excited-singlet state will decrease with decreasing F due 
to a loss of potential energy.41 These two rate constants combine to give kNR and the 
indications are that, across this series of cyanine dyes, the latter is purely by coincidence.  
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Figure 7.7. Illustration of how a change in the excitation energy affects the photophysical 
properties. The upper panel shows that the excitation energy is lowered by an increase in 
conjugation length of the cyanine dye. Reducing the energy gap between emitting state 
(S1) and ground state (S0) increases the rate of internal conversion (IC) but decreases the 
rate of radiative decay (kF). The lower panel indicates the process of photoisomerization 
and shows that lowering the excitation energy (purple line) raises the energy barrier for 
isomerization.      
To verify that isomerization was truly playing a part in the nonradiative decay processes, 
cy643 was examined with laser flash photolysis to determine the presence of the meta-
stable isomer. Upon excitation with a nanosecond 610 nm pulse, in air-equilibrated de-
ionized water, cy634 shows a transient absorption species with a lifetime of 
approximately 390 s. The decay conforms to first-order kinetics. Spectral fitting allows 
one to determine the molar absorption coefficient of the isomer species as 
approximately 255 000 M-1 cm-1 The kinetics of the ground state bleach matched the 
positive signal centred at 690 nm. The sinusoidal character of the trace in Figure 7.8 
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corresponds to previous reports in the literature of cis-trans isomer, where the cis-
isomer (it is generally accepted that the ground state is all-trans) has slightly red-shifted 
absorption relative to the ground state. Consequently, the isomer can still absorb a 
photon of the excitation light and rapidly revert to the all-trans structure.42 Alternatively 
the isomer may absorb enough energy to cross over a second potential energy barrier 
and form a double isomer. Such considerations are somewhat beyond the scope of the 
study here, but are considered in Chapter 8. Suffice to say here with cy643 we see a 
long-lived transient species with an absorption spectrum characteristic of the ground-
state, but slightly red shifted.  
 
Figure 7.8. Transient absorption spectrum of cy643 in de-ionized water at a series of 
times between 10 us and 930 s (red traces). The blue trace corresponds to the lowest 
energy transition of the ground state absorption spectrum. 
Formation of the transient signal was insensitive to the presence of oxygen (unlike a 
triplet state species), but sensitive to solvent viscosity. There is little doubt therefore 
that the signal is due to the configurational isomer (Figure 7.8). We delay discussion of 
the transient spectroscopy associated with cis-trans isomerisation until Chapter 8. Here, 
we simply demonstrate that light-induced isomerisation competes with fluorescence 
and internal conversion for simple cyanine dyes. 
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As one moves to the lower-energy cyanine dyes, the S0 to S1 energy gap decreases, but 
the corresponding energy of the isomer remains relatively unchanged (Figure 7.7). This 
results in an increased energy barrier to formation of the isomer and consequently the 
rate constant for isomerization (kISOM) is decreased. As kISOM decreases, the observed 
fluorescence lifetime      must increase as shown by the relatinships in Equation 7.3 and 
7.4. Here    is the intrinsic fluorescence lifetime in the absence of nonradiative 
processes. The nonradiative rate is of course the sum of many possible processes such as 
intersystem crossing, electron transfer and internal conversion, but the emphasis is on 
      in this system. 
    
 
    
                    
      
 
        
 
 
                         
                      
7.3 Conclusions 
Using thermal blooming spectroscopy, it has been possible to evaluate a set of 
commercially available fluorophores as potential ratiometric standards for the 650-850 
nm region. The library of useful far-red emitters has been extended by providing 
absolute fluorescence quantum yields for soluble dyes using a readily reproducible 
technique and commercially available compounds. Cyanine dyes are particularly flexible 
in this application being widely available, easy to synthesize and possessing well-defined 
photophysical properties. They are also particularly relevant compounds in the context 
of fluorescence microscopy and as advanced probes, where their use is widespread.43 
Radiative rate constants tend to be high and poor spin-orbit coupling properties 
minimize intersystem crossing to the triplet manifold41, although the role of 
isomerization as discussed adds a perhaps unwanted complication to the photophysical 
description. Usually, cyanine dyes dissolve easily in alcohol solvents but much less so in 
water, here we include two water-solubilized cyanine dyes to overcome this limitation. 
The cyanine dyes studied here are not amenable for facile attachment to biological 
materials but strategies exist for attaching anchoring groups to the backbone. It has in 
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fact been demonstrated that similar cyanine dyes, such as Alexa Fluor 647 NHS-ester, 
can be employed rather successfully is fluorescence microscopy.44 
It is important to note the drop-off of fluorescence yield below 15 % as one moves the 
emission maximum past 800 nm. This is certainly a limitation of cyanine dyes and many 
other organic fluorophores. Diagnostic applications rely on good signal to noise ratios so 
there will be a call for strong NIR emitters. One may draw some inspiration from the past 
though as the ancient paint pigment Egyptian Blue is a strong NIR emitter. This brilliant 
blue mineral pigment has an emission maximum at 910 nm and a fluorescence quantum 
yield of 10.5 %.45 
The strength of thermal blooming spectroscopy for the determination of fluorescence 
quantum yields revolves around the simplicity of the experiment, the high 
reproducibility of the results, the affordability and the facile circumvention of many of 
the problems encountered with fluorometer measurements. High quality laser diodes 
are readily available and open up the possibility of using other excitation sources to span 
a greater range of the UV-visible spectrum. All other components are readily available to 
researchers. To become popular, however, the technique needs diversifying to include 
solid samples, such as thin films, and operating devices, such as OLEDs. We are 
especially interested to see if the thermal blooming technique can be used to 
characterize emission from thin films. This is an important problem for industry and, in 
particular, for organic opto-electronic devices. 
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Chapter 8: Photoisomerization-Induced 
Fluorescence Blinking in a Far-Red Emitting Cyanine 
Dye under dSTORM Imaging Conditions 
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8.1 Introduction 
Super-resolution fluorescence microscopy has developed rapidly over the past decade to 
the point where commercial instrumentation exists for nanometre resolution imaging of 
live biological samples. The field is dominated by techniques which rely on time-resolved 
activation of small subsets of spatially resolved fluorophores in order to achieve high 
image resolution. The development of these techniques complements advances in single 
molecule fluorescence detection during the 1980s and 1990s.1-3 As has been mentioned 
in the introductory chapter, super-resolution fluorescence techniques such as PALM, 
STORM and STED4-6 help overcome the optical diffraction barrier (setting a limit of ca. 
200 nm lateral resolution for conventional optical microscopy) by some form of 
reversible on/off fluorescence modulation. Modern fluorescence microscopes use lasers 
to excite biological samples labeled with an appropriate fluorescent probe. With suitable 
software, this procedure allows for precise localization of single fluorophores, which 
would otherwise overlap in classical steady-state fluorescence microscopy (Figure 8.1), 
by building the image layer-by-layer from repeated snapshots. 
 
Figure 8.1. Simplified illustration of the single molecule localization method for obtaining 
super-resolution fluorescence images (bottom panel). The difference between a 
conventional total internal reflection fluorescence microscope image (TIRF) and super-
resolution image is shown above.7
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Despite rapid advances in fluorescence microscopy, less attention has been given to 
studying the underlying photophysical properties of prototypic fluorophore labels. Of 
particular concern is the need to understand how fluorophores in the stochastic super-
resolution imaging techniques alternate between emissive and dark states. Here, we 
focus on one technique, Stochastic Optical Reconstruction Microscopy (STORM) in order 
to better appreciate the demands on the emitter during the microscope experiment. 
More specifically, we selected a class of dye ubiquitous to the technique, namely the 
red-emitting cyanine dyes (Cy5). This complements the previous knowledge 
accumulated on cyanine dyes in Chapter 7, which has already established them as highly 
fluorescent small emitters, this being an important prerequisite for fluorescence 
microscopy. A broader discussion of cyanine dyes is given in the introductory chapter. 
Previous studies into the photo-switching mechanism of cyanine dyes and other organic 
fluorophores have focused on electron transfer and transitions to the dark triplet 
state.8,9 This is because imaging is commonly done in a redox buffer solution. One study 
attributed the fluorescence blinking behaviour of Cy5 to formation of a thiol-adduct, the 
result of an encounter complex forming between a mild thiol reducing agent in a photo-
switching buffer (which contains an oxygen scavenging enzyme) and the excited cyanine 
dye (Figure 8.2). Oxygen scavenging agents are used in these systems to avoid the build-
up of reactive singlet oxygen, leading to cell damage and loss of fluorophore. It should 
be noted that this experiment was performed at a pH well above physiological 
conditions.10 As the Cy5 thiol adduct accumulates in the system it can be excited with a 
UV-laser pulse to regenerate the starting material.  
Other suggestions for the mechanism revolve around a similar idea, although applying a 
UV-pulse to switch between dark and bright states does not appear to be standard 
practice in imaging where there is a single dye. Instead, the UV-pulse is important in 
two-colour imaging where donor-acceptor systems, typically Cy3-Cy5 or Cy3-Cy7, are 
used11 and excitation of the Cy3 dye reactivates Cy5 by electronic energy transfer. 
Nonetheless, mild reducing agents tend to be used in all imaging buffer solutions, and 
the understanding is that redox chemistry is performed via the triplet state.12 Sulfonated 
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indocyanine dyes produce particularly good quality images and are widely used, 
members of the Alexa Fluor series being common examples.13,14 
 
Figure 8.2. Generalized reaction scheme for producing a non-fluorescent radical anion of 
Cy5 by photochemical reduction with a mild thiol reducing agent. Here KD is rate the 
constant for diffusion and EC an encounter complex. 
Figure 8.2 shows a commonly proposed scheme for generating a long-lived, non-
fluorescent form of a fluorophore, namely a radical anion. This scheme has been applied 
to Cy510 and could be used with many other organic chromophores. The critical 
considerations here are those of kinetics and thermodynamics. Formation of the 
encounter complex occurs by diffusion and will depend on relevant binding constants, 
which can be derived from the Stern-Volmer relationship. Taking the diffusional rate 
constant as ~6 x 109 M-1 s-1 in water15 at room temperature, and realizing that most 
organic fluorophores have a fluorescence decay rate in the region of 109 s-1, it becomes 
apparent that very high concentrations of quencher are required. Furthermore, the 
likelihood of charge-separation from the encounter complex depends strongly on 
thermodynamic factors (including the solution pH) and, because of spin considerations, 
rarely occurs for singlet-excited states.  
One answer to the problem of the short-lived excited singlet state is, of course, to 
invoke the relatively long-lived triplet, which would allow time (typical triplet decay 
rates being 10-6 – 10-3 s-1) to generated charge-separated species. However, many of the 
dyes commonly used in fluorescence microscopy are highly fluorescent and are not 
known for high yields of intersystem crossing. This is the case with cyanine dyes for 
example. It is possible that, at high excitation intensity, there are enough triplets being 
formed, albeit inefficiently, to generate super-resolution fluorescence microscope 
images. This has not been confirmed by experiment. 
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Alternative mechanisms should also be considered. Further studies have expanded the 
range of potential chromophores by careful consideration of the photophysical 
properties and redox conditions, using oxazine dyes.16,9 This includes Rhodamine dyes, 
but these are excited with a ~500 nm laser, which is less desirable since biological 
samples are more permeable to light past 650 nm. Although STORM and PALM are 
stochastic methods, control of the redox chemistry could allow for a non-random 
modulation of fluorescence, where radical ion species are responsible for extinguishing 
fluorescence. This will no doubt be desirable in other sensing applications, although it is 
not necessarily a prerequisite as the microscopes work well with a variety of dyes. 
The question of how fluorophores blink under the current paradigm still remains unclear. 
It is indeed possible that there are multiple pathways to generating the long-lived non-
fluorescent states observed during super-resolution microscope experiments. For 
example, cyanine dyes are well-known to undergo photo-induced cis-trans 
isomerization17, but this has not been investigated in great detail in the context of 
microscopy. Since cyanine dyes are otherwise well known for their fluorescence blinking 
behaviour, further investigation into the photo-switching mechanism seems justified. 
Drawing again on the results from Chapter 7, it is apparent that photo-induced 
isomerization in Cy5 occurs on a timescale similar to microscope imaging. 
The present work has led to a detailed photophysics study of a popular commercial 
indocyanine (Cy5) dSTORM dye, Alexa Fluor® 647 (AF647). This is a highly fluorescent, 
red-emitting dye with good intrinsic stability against permanent photo-bleaching in 
aqueous media. Red-emitting dyes are preferable for biological samples due to cell 
structures being more permeable to light in this region (reducing scattering), avoid auto-
fluorescence of cell structures18, and are less susceptible to damage due to the lower 
excitation energies involved.8 Careful examination of photo-isomerization, using laser 
flash photolysis, suggests it plays more of a role in mediating fluorescence blinking than 
previously thought. We show that isomerization can occur in competition with 
transitions to the triplet state and photo-induced electron transfer with imaging buffers. 
This has implications for future design of super-resolution fluorescence microscopy 
experiments. 
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It should be mentioned that all experiments involving the super-resolution microscope 
were performed in collaboration with Dr. Alex Laude of the Newcastle University 
Medical School. Dr. Laude also provided numerous samples of the (very expensive!) 
AF647. 
8.2 Results and Discussion 
8.2.1 Steady-State Spectroscopic Measurements 
Key spectroscopic properties for AF647 are summarized in Table 8.1. In aqueous buffer 
solution, AF647 has a ground-state absorption maximum at 649 nm while emission is 
centred at 670 nm (Figure 8.3). The fluorescence quantum yield in water was 
determined to be 34% after several repeat measurements against meso-
tetraphenylporphyrin on multiple instruments.19 The fluorescence decay was found to 
conform with mono-exponential kinetics. Optical measurements were performed 
primarily in aqueous buffer (phosphate-buffered saline, PBS, pH 7.4) to better mimic the 
conditions of a STORM microscope experiment. However, there is no discernible 
difference between the fluorescence properties recorded in de-ionized water and in PBS. 
It was noted that in alcohol solvents the fluorescence quantum yield of AF647 dropped 
significantly, falling to 14% ethanol, and the singlet-excited state lifetime increased to 
1.8 ns. 
 
Figure 8.3. Normalized steady-state absorption and emission spectra recorded for AF647 
in PBS room-temperature. Molecular formula shown as an inset. 
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     nm 649 ± 1 
      
     nm 670 ± 1 
φF 0.34 ± 0.02 
τS1 / ns 1.2 ± 0.2 
kRAD / 10
8 s-1 2.8 ± 0.3 
kNR / 10
8 s-1 5.5 ± 0.6 
ε / -1 cm-1 (a) 270 000 
f(b) 1.41 ± 0.14 
S(c) 0.18 ± 0.02 
Ess / cm-1 (d) 790 ± 40 
Table 8.1. Compilation of spectroscopic properties for AF647 in PBS. (a) Molar absorption 
coefficient is a manufacturer specified value. (b) Calculated from lowest energy 
absorption transition (c) Huang-Rhys factor calculated from fitting the low-temperature 
emission spectrum to a series of four Gaussian components (d) Stokes’ shift calculated 
after deconstruction of the absorption and emission spectra into Gaussian components. 
Since a key component of the imaging buffer in dSTORM experiments is the redox agent, 
the effects of a mild thiol reducing agent commonly used in such buffers20,                       
2-mercaptoethylamine-HCl (MEA-HCl, Sigma), were examined. Fluorescence quenching 
of AF647 with MEA-HCl was measured using the Stern-Volmer relationship.21 This was 
achieved in PBS, maintaining the pH at 7.4 by adding small amounts of NaOH. The pH 
was monitored with a digital pH probe (Omega PHH222). It was apparent that, at 
physiological pH, MEA-HCl is an inefficient quencher of AF647 fluorescence. 
Fluorescence quenching with the thiol was found to fit well to a 1:1 complexation 
model22 (Equation 8.1) with a binding constant of 1 M-1 (Figure 8.4). No change in the 
singlet-excited state lifetime was observed upon adding the thiol. This finding is entirely 
consistent with static quenching, Adding base to the solution leads to a decrease in 
fluorescence as the thiol becomes more susceptible to deprotonation. This is also in 
agreement with prior quenching studies made at higher pH.10 It is unlikely, however, 
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that microscope imaging studies would take place at pH 9 or above. The reported pH 
range for a suggested photo-switching buffer containing MEA-HCl is 6-8.5.23 
 
Figure 8.4. Steady-state fluorescence quenching of AF647 with MEA-HCl in PBS 
maintained at pH 7.4. Data corresponds to a 1:1 static fluorescence complexation model. 
In Equation 8.1,    is the integrated fluorescence area for the fluorophore before 
addition of quencher and   is the corresponding value at a certain concentration of 
added thiol. The term   refers to the binding constant,     is the molar concentration of 
quencher, and    corresponds to the fluorescence lifetime in the absence of quencher. 
For the purposes of postulating the likely source of fluorescence quenching under 
dSTORM microscope conditions in a biological buffer, electron transfer between the 
thiol and the cyanine dye is unlikely to be the dominant process. Furthermore, the 
relatively short fluorescence lifetime of 1.2 ns and the weak binding constant means that 
little of the excited state will form the encounter complex unless the quencher 
concentration is very high (Figure 8.2). Although electrochemical data for AF647 could 
not be obtained due to a scarcity of expensive sample, one can make an estimate of the 
thermodynamic driving force for photo-induced electron transfer using literature values. 
Thus, MEA-HCl has an oxidation potential of +0.9 V vs SCE23 and the reduction potential 
for a typical Cy5 dye is -0.84 V vs SCE in water.24 Given that the energy of the S1 state is 
1.84 eV, there is only a modest thermodynamic driving force for this process (G ~ -0.1 
V in the absence of electrostatic effects). The longer-lived triplet state will possess a 
lower electronic energy and the driving force will be non-existent. 
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The photochemical stability of AF647 was tested under conditions similar to those used 
for aza-BODIPY in Chapter 3, which provides a useful point of comparison. Figure 8.5 
shows the course of steady-state illumination of AF647 in de-aerated water with the 
same 400 W floodlight (>500 nm by the use of a cut-off filter) as used to irradiate aza-
BOD. It is apparent that photo-bleaching of AF647 is far slower than found for aza-BOD 
with no observed build-up of a coloured product. As with aza-BOD, the loss of 
chromophore corresponds to first-order kinetics, but the decay rate is some two orders 
of magnitude slower under comparable levels of photon absorption. While the rate 
constant for photo-bleaching of aza-BOD is 6.0 x 10-7 M h-1, it is just 3.0 x 10-9 M h-1 for 
AF647. The rate of degradation did not increase upon aerating the sample. Neither dye 
has an appreciable rate of intersystem crossing. Therefore, there must be some 
alternative non-radiative pathway responsible for photo-bleaching other than singlet 
oxygen formation. 
 
Figure 8.5. Steady-state photo-bleaching of AF647 in de-aerated, de-ionized water. Inset 
shows the evolution of the absorption spectrum for the dye over the course of the 
experiment. The loss of dye fits to a first-order decay (black line) with a rate constant of 
3.0 x 10-9 M h-1 ± 10%. 
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Temperature dependence studies of AF647 fluorescence show that upon cooling to 
cryogenic temperatures, the fluorescence begins to decrease. This was observed across 
repeated experiments and is most readily explained by changes in solubility. It is 
possible that at lower temperatures the chromophore undergoes self-association, 
leading to a quenching of fluorescence.25 In contrast, an Arrhenius plot across 
temperatures above room temperature gives rise to activation energy of at 4.9 kJ mol-1. 
 
Figure 8.6. Temperature dependence of AF647 fluorescence between 77K and room 
temperature in dilute ethanol solution. 
The estimate of the activation energy is reached by plotting the non-radiative rate 
constant against reciprocal temperature (Figure 8.7). It is assumed that the radiative 
rate constant remains independent of temperature. Therefore, the assumption that self-
association is responsible for the loss of fluorescence at low temperature can be tested 
by projecting the Arrhenius plot back to 77K in order to determine the fluorescence yield 
in the absence of aggregation. This should be 100% and puts the emphasis on how 
accurately one has determined the radiative rate constant at room temperature. Using 
the data from Figure 8.7 and the fluorescence yield and lifetime for AF647 in ethanol, 
the derived fluorescence quantum yield is indeed 100% at 77K. 
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Figure 8.7. Arrhenius plot for AF647 fluorescence in dilute ethanol solution between          
25 and 75 oC. 
Self-association may play an important role in the context of microscopy. As has been 
discussed in the introductory chapter, dimerization and aggregation often lead to a loss 
of fluorescence. Also, according to Kasha’s exciton splitting model,26 formation of dimers 
can promote intersystem crossing. It was noted that when AF647 was dissolved in 
tetrahydrofuran (THF) the shape of the absorption spectrum changed drastically (Figure 
8.8), showing symmetrical splitting of the lowest-energy π-π* transition. This is clear 
evidence for dimerization. Furthermore, the absorption spectrum in THF can be 
analyzed to give an estimate of the magnitude of exciton splitting, and this can then be 
compared with theory, when appropriate physical parameters are inserted. 
Deconstruction of the AF647 dimer spectrum into four Gaussian components of a 
common full-width gives a splitting of 1,300 cm-1.  
 alculation of the exciton splitting with Kasha’s model requires knowledge of the 
transition dipole moment for the monomer as well as the relative orientation of the 
monomers and their transition dipole moments. Equation 8.2 yields the transition dipole 
moment    .
27 Here, the integral is taken for the lowest-energy transition of the molar 
absorptivity spectrum,   is Planck’s constant,   the speed of light,    vacuum 
permittivity and    Avogadro’s number. The derived transition dipole moment for the 
AF647 monomer is 14.1 D.  
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Figure 8.8. Absorption spectrum of M concentration AF647 in THF. Energy is in 
wavenumber here to better show the exciton splitting. 
Given that we know the exciton splitting from the absorption spectrum given in Figure 
8.8, the angle between the two transition dipole moments can be estimated using 
equations 8.3 and 8.4. This is done by comparing the intensity of the exciton transitions 
in the dimer spectrum      and       . Here, we appear to have a clear-cut case as the 
ratio is approx. 1:1.  Simplifying equations 8.3 and 8.4 one will therefore one will obtain 
the result 
   
   
   (i.e.        ). The angle between the dipole moments must as a 
consequence be 45o in which case the angle between monomers is 90o. The remaining 
variable, the distance between monomer centre points was derived from semi-empirical 
molecular simulation of the ground-state optimized structures of two monomers at 90o 
to each other, giving a rough estimate of 13 Å. 
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The value for the exciton splitting energy    obtained for oblique transition dipole 
moments can now be obtained using Equation 8.5.26 Here     is the transition dipole 
moment,   the centre-to-centre distance,   is the angle between two monomers and   
the angle between transition dipole moments. Using all the variables obtained above, 
we end up with a calculated exciton splitting value of 1360 cm-1, which is in excellent 
agreement with the absorption spectrum in Figure 8.8. This gives us some information 
on how two AF647 monomers might interact as a dimer and may serve as an indication 
of aggregates formed during the microscope experiment. 
 
Figure 8.9. Scheme illustrating exciton splitting in a molecular dimer as derived using 
Kasha’s model  
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8.2.2 Characterizing the Triplet-Excited State 
Attention now turns to the triplet-excited state where electron transfer between the 
thiol and the fluorophore becomes more feasible due to the long-lived nature of spin-
forbidden triplet.28 The enzymatic oxygen-scavenging environment employed in photo-
switching buffers ensures quenching due to molecular oxygen is kept to a minimum.29 
Transient absorption spectroscopy and steady-state phosphorescence measurements 
were used to characterize the AF647 triplet-excited state. Although it was possible to 
detect a long-lived transient absorption signal upon adding an external heavy atom (e.g. 
by adding sodium iodide), it did not produce a clear spectrum. This suggests to us that 
intersystem crossing to the triplet manifold is ineffective, although there might be 
problems in that the iodine ion is not the best spin-orbit promotor. 
Triplet-triplet energy transfer30 was therefore used as an alternative to quantify the 
AF647 triplet state. Erythrosine was used as a triplet donor as it has a well-characterized 
and relatively long-lived triplet state generated with a high yield (~100% in water). The 
lowest energy triplet transition is centred at 580 nm and has a molar absorption 
coefficient (εT) of 11,000 M
-1  cm-1.31, 32 
From the fit to a bi-exponential model, as seen in Figure 8.10, the relative absorbance 
signals of the donor and acceptor triplet states can be determined. Having measured the 
triplet lifetime of the donor alone (~150 s), then observing the decrease in donor 
triplet lifetime across three different concentrations of AF647 acceptor, the efficiency of 
triplet transfer was determined. The derived bimolecular rate constant (kTT = 2 x 10
9 M-1 
s-1) was found to somewhat less than the diffusion controlled limit. The differential 
molar absorption coefficient for the triplet state of AF647 in de-aerated water was 
determined by comparison with the donor to be 15,000 M-1 cm-1 at 650 nm. Comparison 
with another transient species, the cis-isomer (next section), gives an estimate of the 
triplet quantum yield at less than 1% for direct excitation of AF647. Figure 8.11 shows 
the derived differential transient absorption spectra from the sensitization experiment. 
The only prominent absorption feature for the triplet state occurs at approx. 720 nm. 
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Figure 8.10. Fit to bi-exponential kinetics describing triplet-triplet energy transfer from 
Erythrosine to AF647. Excitation at 500 nm (5 mJ, 4 ns pulse), probe wavelength 650 nm. 
 
Figure 8.11. Sensitized AF647 triplet differential absorption -spectrum in de-ionized water 
between 5 and 200 s. The black trace is the equivalent triplet spectrum for Erythrosine 
alone under matching conditions. 
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An estimate of the triplet lifetime was determined by plotting the decay rate at 650 nm 
in the presence of various concentrations of sodium iodide. This allows us to plot the 
change in lifetime and estimate the triplet decay rate in the absence of spin-orbit 
promoter. It was noted during this experiment that there was a second signal 
overlapping with the triplet, leading to a bi-exponential decay. 
The second lifetime was unaffected by the presence of oxygen or iodide and was later 
found to be due to photo-induced isomerization. The triplet decay was nonetheless 
extracted by a simple bi-exponential fit and a limiting triplet lifetime of approx. 1.1 ± 0.1 
ms obtained (Figure 8.12). 
 
Figure 8.12. Plot of AF647 triplet decay rate constant versus concentration of sodium 
iodide in de-ionized water at room-temperature upon excitation at 610 nm                       
(5 mJ, 4 ns pulse). 
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Figure 8.13. Black trace: fluorescence spectrum of AF647 in an ethanol optical glass at 
77K. Red trace: AF647 phosphorescence recorded under the same conditions with 20% 
iodomethane. The phosphorescence spectrum is corrected for detector artefact and 
magnified. The true signal is extremely weak. 
Phosphorescence measurements at 77K in an ethanol glass with added iodomethane    
(20% v/v) showed an extremely weak emission centred at 750 nm, consistent with 
previous reports.33 We were unable to reach an estimate for the phosphorescence 
quantum yield because of the very weak signal. The triplet energy, however, could be 
estimated at 1.66 eV. This corresponds to a singlet-triplet energy gap of ca. 0.22 eV.  
8.2.3 Photo-induced Isomerization 
Cy5 is known to undergo photo-induced cis-trans isomerization, which can be observed 
using laser flash photolysis34 or fluorescence correlation spectroscopy.17 It is generally 
considered that the ground-state structure of most cyanine dyes is all-trans but there is 
little experimental support for this hypothesis. However, the ground-state structure for 
AF647 was identified as being (>98%) all-trans by two-dimensional 1H NMR spectroscopy. 
Thus, NMR data for the ground state shows the characteristic coupling constants 
expected for an all-trans configuration. We thank Dr. Corinne Wills and Prof. William 
McFarlane for conducting the NMR analysis on our behalf. A few other indocyanine dyes 
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have been characterized by x-ray crystallography and again display an all-trans 
configuration along the polymethine backbone 35 Previous investigations into the photo-
switching mechanism of cyanine dyes for super-resolution fluorescence imaging noted 
isomerization as a side-effect. Almost all studies propose the origin of the non-
fluorescent state as being due to a triplet excited state reacting with components of the 
redox buffer.36 Few investigators consider the realization that the triplet state is formed 
in very low quantum yield whereas isomerization is considerably more effective. This is 
certainly the case for AF647 in solution. Consequently, it was decided to characterize 
and quantify the cis-isomer(s) for AF647. 
Laser flash photolysis was used to investigate formation of any isomers brought about 
by twisting the polymethine backbone. These species are expected to have a distinct 
absorption spectrum in some cases. This has in the past been done very successfully to 
characterize isomerization in a carbocyanine laser dye, which is not dissimilar to 
AF647.37-41 A similar effect has been studied extensively in merocyanine dyes.42-44 
Probing on the hundreds of microseconds timescale in aerated solution (so as to exclude 
detection of a triplet) a transient signal centred at 686 nm was easily detected in de-
ionized water. The corresponding lifetime of this light-induced absorption feature is 
~500 s, and is unaffected by the presence of oxygen. The characteristic sinusoidal 
pattern corresponding to the ground state bleach and the rise of the new absorption 
band suggests an isomer is formed, based on similar observations from previous reports. 
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Figure 8.14. Transient absorption traces of a AF647 isomer at 20, 180, 340, 540 and 940 
μs  The lifetime of the isomer is approximately 500 s. Excitation 610 nm (5 mJ, 4 ns 
pulse). 
 
Figure 8.15. Schematic representation of isomerization in AF647. Note that back-
isomerization is initiated by the same wavelength light as used for exciting the ground-
state all-trans structure due to spectral overlap of the isomers. 
Reconstruction of the isomer absorption spectrum is possible by adding successive 
amounts of ground state absorption back to the transient until the ground state bleach 
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has been completely recovered (Figure 8.18). The isomer spectrum derived from data 
seen in Figure 8.14 is some 37 nm red-shifted from the ground state. This is labelled 
“isomer 2”, the reasoning for the ordering will become apparent shortly. Iterative 
spectral fitting using the methods described in Chapter 4 also allows one to estimate the 
molar absorption coefficient of this isomer, which was found to be 250 000 M-1 cm-1 at 
the absorption peak. 
The forward reaction giving the cis-isomer is in competition with photo-induced back-
isomerization, the potential energy barrier for the reverse process being small. Such a 
situation has previously been characterized for Cy5 dyes,37 and has implications for 
determining the quantum yield of isomerization. The flash photolysis setup used for 
measurements here has a 150 W Xenon arc lamp as the probe light. The high intensity of 
the broadband probe light will quickly push a portion of the isomer back to the ground 
state. In order to determine the isomer yield of the forward reaction, a power 
dependence study must be included for the probe light to account for this. 
By varying the percentage probe light transmitted with neutral density filters, it was 
possible to construct a probe light power dependence (Figure 8.16). From this the 
maximum absorbance of isomer was determined in the case where there is no 
broadband probe light present (i.e. as is the case in fluorescence microscopy). The 
absorbance of the isomer was then plotted at various laser energies at the selected 
probe light percentage. Finally, to estimate the isomer quantum yield for AF647, laser 
excitation power dependence studies for AF647 were compared against a standard 
(Figure 8.17). Comparison of the slope of the AF647 isomer power dependence with a 
well-characterized standard gives an approximation of the yield. Care was taken to 
maintain the temperature at 25 oC during these experiments, since the rate of 
isomerization will be sensitive to temperature. 
The triplet of zinc tetraphenylporhyrin, Zn-TPP, (   = 83%,    = 73,000 M
-1 cm-1 at 470 
nm)45 was used as a standard and both dyes were excited at 590 nm. The values 
obtained give an estimated 30% isomer yield, using Equation 8.646 The result repeated 
by experiment with fresh samples matched within 5%. 
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Figure 8.16. Relationship between absorbance and probe light power as monitored at the 
ground state bleach of AF647 in PBS (649 nm). 
 
Figure 8.17. Laser power intensity studies of AF647 (in PBS) isomer at 686 nm vs Zn-TPP   
(in toluene) triplet at 470 nm. Pump wavelength 590 nm. Laser energy in arbitrary units. 
It was noted from the flash photolysis probe light power dependence studies that the 
isomer lifetime was changing according to the amount of transmitted probe light. This 
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suggests there is more than one species involved in the isomerization step. Going back 
to the idea of reverse-isomerization, it follows that the first isomer could also undergo a 
second transformation to yield a double isomer. Indeed it was possible to obtain a 
distinct isomer spectrum in the case where the probe light intensity was 7.4 % that for 
the isomer seen in Figure 8.14. To clarify, isomer 1 is presumably the first formed isomer, 
cis-trans and is seen when the probe light is at its lowest, isomer 2 is most likely a double 
isomer (cis-cis) seen when the probe light is at its most intense. This gives two separate 
isomer spectra as seen in Figure 8.18. Such a situation has been observed in a 
diethylthiocarbocyanine dye which has the same backbone as Alexa Fluor 647.47 It 
follows that there is sufficient energy in the probe light not only to push isomer 1 back 
to all-trans and also to rotate a second double bond on the methane bridge to give cis-
cis. Therefore, the spectrum in Figure 8.14 is most likely predominantly the double 
isomer. The overall situation is summarized in Figure 8.15. Activation energies for the 
two isomers were obtained by temperature dependence studies (Figure 8.19). 
Predictably, the activation energy for the return of the isomer 2 to the ground state is 
higher (~50 kJ  mol-1) than the first isomer (~33 kJ mol-1). 
Table 8.2. Variation of isomer lifetime at 686 nm as a function of flash photolysis probe 
light intensity. 
Probe Light Transmittance / % Isomer Lifetime / s ± 5% 
100 500 
72 440 
51 400 
43.7 373 
22.4 332 
7.4 300 
1 200 
 
      
    
          
              
Having determined the quantum yield for isomerization for the cis-trans (isomer 1), the 
yield can also be confirmed by employing the individual lifetimes in Equation 8.7. Using 
the values 500 s for trans-cis and 200 s for cis-cis, the derived quantum yield for 
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isomerization is 28.5%, very close to the experimentally observed value. This suggests 
we are primarily dealing with two isomers as illustrated by Figure 8.18. 
 
Figure 8.18. Normalized ground state absorption spectrum of AF647 in de-ionized water 
(black trace) and isomer absorption spectra (orange and red traces) reconstructed from 
transient absorption spectra. 
 
Figure 8.19. Temperature dependence of AF647 for the formation of the two resolved 
isomers in de-ionized water (15 – 65 oC). Transient decay rate constant monitored at 
ground state bleach to avoid artefacts arising from increasing unresolved fluorescence 
emission at the isomer absorbance wavelength. 
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Table 8.3. Photophysical properties of AF647 photo-induced isomers in aqueous buffer. 
     
    / nm τisomer / s ± 5% φisom ±5%    / kJmol
-1 ±5% 
Isomer 1 
(trans-cis) 
667 200 0.30 33 
Isomer 2 
(cis-cis) 
686 500 0.05 50 
 
Given the possibility that the free-dye NHS-ester might behave differently when bound 
to a protein, as would be the case in a microscope setup, similar studies were performed 
on a protein-labelled variant. Table 8.4 compares the photophysical properties of free-
dye AF647 NHS-ester against goat anti-mouse secondary antibody AF647. Overall, the 
properties remain closely comparable except for the lifetime of isomer 2 (cis-cis), which 
has doubled on attachment to the protein. The increase of the isomer lifetime to the 
millisecond regime brings it into line with the reported fluorescence fluctuations 
associated with single-molecule fluorescence experiments involving Cy5.31 
Table 8.4. Comparison of free dye and protein-bound AF647 photophysical properties. 
     
    
/ nm 
    
     
 
/ nm 
φfluor 
 ±0.01 
τs1  
/ ns 
τcis-cis 
/ s 
Free dye 649 670 0.34 1.2 500 
Protein- 
bound 
 
651 
 
671 
 
0.30 
 
1.5 
 
1,200 
 
The data in the table show that the rate of isomerization is sensitive to the environment. 
Obviously the rate of isomerization is also very sensitive to temperature and viscosity. At 
higher viscosity, the rate of isomerization will decrease, favoring fluorescence. 
Conversely at higher temperature the yield of fluorescence diminishes and the 
isomerization yield increases.48-50 The fluorescence temperature dependence seen in 
Figure 8.7 agrees with this trend.  
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The overarching conclusion drawn from this work is that the predominant non-radiative 
pathway in these dyes is that of light-induced isomerization, which itself is multifaceted. 
Control of the environment surrounding the dye will have a large impact on the 
magnitude of the non-radiative rate constant in this case, which is an important design 
consideration for fluorescence microscopy. There are conflicting reports in the scientific 
literature on the triplet state being accessible from one of the isomers, but our data do 
not support this hypothesis. Indeed, even in the presence of an external heavy-atom 
perturber that promotes direct population of the triplet, the isomer is still 
observed.33,46,50-52 
8.2.4 STORM Microscope Data Analysis 
It was deemed desirable to attempt to obtain quantitative information from a real 
STORM microscope imaging experiment, which records co-ordinates of single molecule 
localization events against time before deconvoluting an image. It should therefore be 
possible to track the on/off fluorescence times to single molecules in the experiment. 
This would prove useful for comparisons with the photophysical data obtained above. 
Analysis of a dSTORM data set was obtained from a software routine generated by Dr. 
Ata Amini of the Molecular Photonics Laboratory at Newcastle University. Here 
microscope imaging run were with 647 nm excitation at 100 mW and Alexa Fluor 647 as 
the dye. Details of the super-resolution microscope setup are provided in Chapter 2. 
Microscope imaging was conducted by Dr. Alex Laude of the Newcastle University 
Medical School Bio-Imaging Unit.  
Analysis of the dSTORM data, where AF647 is used as the fluorophore, can be used to 
obtain quantitative information on the rate of on/off fluorescence switching. Statistical 
analysis of individual fluorophore spots as seen by the microscope show that 55% of 
blinking events involve a triangular pattern, going from dark to bright and dark again 
without ever re-appearing. This is possibly due to static quenching with the surrounding 
redox environment.  The remaining 45% had a trackable pattern of on/off fluorescence 
blinking over a period of seconds before permanent photobleaching occurred. These 
fluorescence blinking patterns are complex, which is probably indicative of multiple 
processes. 
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The distribution of times taken to achieve permanent photo-bleaching of an individual 
fluorophore is centred at a value of approximately 1 s. On average, the fluorophore will 
fluctuate between bright and dark states 1-7 times, with a mean value of 4. The mean 
time occupied in the dark state is approximately 250 ms, based on analysis of several 
hundred datasets. A limitation of the imaging protocol here is temporal resolution. 
Exposure times are 16 ms, which may exclude some fast photo-switching events. Faster 
exposure times are understood to be possible, but were not routine at the time of the 
experiment. 
8.2.5 Computational Modeling  
Quantum chemical calculations are useful for determining the energies and rotational 
barriers to formation of the geometric isomers. Here, we decided to simplify the 
structure of AF647 down to the core, Cy5, dispensing with the solubilizing groups, which 
increased the speed for the calculations. Five possible isomers, brought about by 
twisting certain parts of the polymethine backbone, were considered (Figure 8.20). The 
likelihood is that some of these would be spectrally indistinguishable due to small 
differences in energies. Calculation of the isomer(s) excited-state energy was based on 
optimized geometries obtained using the ab initio MP3 method. Calculation of the 
excited-state geometry was performed with the ZINDO method using water as a solvent. 
The results confirm that cis-isomers have a somewhat red-shifted absorption spectrum 
in water relative to the all-trans species (Table 8.3).  
Table 8.5. Simulated absorption maxima for AF647 configurational isomers. 
Configuration Simulated Abs 
Maximum / nm 
all-trans 648 
cis-indole 650 
1,2-cis 662 
3,4-cis 655 
1,2-3,4 cis-cis 659 
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Figure 8.20. Configurational isomers of a simplified AF647 structure, whose energies 
were calculated by computational chemistry. 
The computational studies indicate slight differences for the optical spectra of the most 
likely geometrical isomers expected for AF647 in fluid solution. The projected absorption 
maxima are close to that of the parent dye but show a slight red shift. This finding seems 
consistent with the experimental studies where illumination causes isomerization of the 
polymethine backbone. At this point, we know the starting structure and we have some 
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information on the likely optical properties of potential isomers. Pulsed laser photolysis 
of AF647 in fluid solution causes the formation of at least two geometrical isomers. It 
appears that there is not much of an obstacle to isomerization and, at the least, the 
inclusion of light-induced isomerization should be considered in the mechanism of 
fluorescence blinking under super-resolution microscopy. To our mind, isomerization is 
more likely than reactions of the triplet-excited state. To continue this hypothesis, we 
need to produce information about the rotational barriers and possible reaction 
pathways.  
These rotational barrier calculations are time consuming, especially when conducted in a 
solvent reservoir. There are many possible pathways and, as a simplification step, we 
assume that the smallest molecular fragment will be the most likely rotor. With this in 
mind, the first light-induced step is transformation of the all-trans species to the cis-
indole. This requires rotation around the first double bond. Of course, resonance 
structures along the polymethine backbone serve to reduce the bond order along the 
chain, thereby increasing the chances for isomerization. An energy profile computed for 
this first rotation is shown in Figure 8.21. Geometry optimizations across the range of 
dihedral angles were calculated using the PM6 semi-empirical method in a solvent 
reservoir (COSMO, S = 20, refractive index 1.45) for the ground state. 
 
Figure 8.21. Calculated isomerization energy barriers for rotation of the Cy5 terminus as 
determined by quantum chemical calculations. 
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For the “cis-indole” rotation there is a modest energy barrier, somewhat lower than in a 
related study with more polar end groups, but this is to be expected.37 The experimental 
values obtained for two isomers are considerably larger, although we cannot ascertain 
which structural changes these correspond to. Note however the computer simulations 
dispense with the bulky functional groups of on AF647, which will certainly have an 
effect on the absolute energies. Given the numerous permutations of cis-trans isomers, 
we are more interested in general trends. Following on from the simple rotation of the 
Cy5 end-group, Figure 8.22 extends the isomerization process by twisting the 
polymethine backbone. Perhaps unsurprisingly, we find that the energetic barrier to a 
double isomer (i.e., where the end-groups are trans and the 1,2 positions on the 
backbone are cis) is larger than obtained for the first step. 
 
Figure 8.22. Isomerization surfaces for a sequence of isomerization processes about the 
Cy5 polymethine backbone. Dihedral angles are expressed as cumulative due to 
sequential rotations of the structure. 
Animations of the various isomerization steps described above are provided in the 
electronic supporting information attached to this thesis. 
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Our preliminary findings suggest to us that light-induced isomerization might play an 
important role in the fluorescence blinking observed for certain types of super-
resolution microscopy. It is easy to see that one of the many possible photo-isomers 
could revert to the original all-trans species under illumination, or via a slow thermal 
process, and begin the fluorescence on-off cycle once more. Indeed, it is difficult to 
argue against there being some involvement of photo-isomers, although most current 
practitioners prefer to cite a redox-active triplet state as being the key intermediate. Our 
computational studies did include calculation of the corresponding excited-state barrier 
crossing but we used only CI-singles method and this might not be adequate. We plan to 
continue this work and to repeat the computation work at a much higher level. Several 
earlier studies have looked at the potential surfaces for the excited-singlet state of 
cyanine dyes and concluded that these surfaces are flatter than for the ground state. 
This means light-induced isomerization will be fast. Our idea is that isomerization of all-
trans to cis-indole might not be sufficient to account for the blinking. Further 
isomerization would give a species that reverts to the ground state on a relatively slow 
timescale and this could well be the responsible intermediate. 
8.3 Conclusions 
Reversible fluorescence on/off switching (or blinking) in the context of super-resolution 
fluorescence imaging has a number of viable origins. It might be that there is no single 
cause for the blinking and that different dyes will involve quite disparate blinking 
processes, although all the effective dyes seem to be based on the cyanine structure. 
Here, we have examined a well-known and widely used class of fluorophore, Cy5 (Alexa 
Fluor 647) in the context of STORM microscopy. The choice is in part due to the sheer 
versatility of this particular fluorophore, and also to reconcile the fact that fluorescence 
blinking has been seen to occur in numerous different environments.53 In attempting to 
account for the origins of fluorescence blinking in AF647, our studies do not portray a 
role for light-induced electron transfer from the singlet- or triplet-excited states to 
produce a long-lived dark intermediate. Although this putative mechanism is the most 
often quoted cause of fluorescence blinking in the literature, conditions are against it. 
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The excited-singlet state is too short lived and the triplet state is formed in very low 
yield. 
A standout feature of the Alexa Fluor 647 dye, as older literature would suggest, is the 
clear tendency to undergo light-induced isomerization. Cis-trans isomerization is a 
fundamental process in photobiology and is the origin of sight in the animal kingdom. 
Similar experiments with an analogous Cy5 dye show the phenomenon was not just 
restricted to one system and that the cis-isomers of Cy5 are indeed non-fluorescent.17 
Furthermore, work in Chapter 7 clearly demonstrates the tendency of Cy5 to undergo 
cis-trans isomerization. Therefore, these long-lived dark states may be a feature in the 
complex fluorescence blinking behaviour seen during a microscope experiment. Our 
work established that absorption spectra of the isomers overlap heavily with the all-
trans ground state, which will enable rapid back-isomerization induced by the same 647 
nm laser line commonly used with fluorescence microscopes. At the same time, a double 
isomer can form, whose larger activation barriers will see a longer decay time back to 
the ground state.  Our experimental observations show that the yield for cis-trans 
isomerization is in excess of 30% with lifetimes of the double isomer being in excess of   
1 ms, under conditions comparable to those used with the microscope. When 
immobilized a biological sample, the lifetime of the isomer is likely to increase due to 
restricted rotation. 
Here, we have established physical parameters for cis-trans isomerization for a common 
fluorescent probe in fluorescence microscopy. Since this was not previously given much 
consideration in the context of microscopy, the information serves to highlight how a 
thorough understanding of the underlying photophysics is key to fully utilizing the 
instrumentation. This applies equally to conventional fluorescence microscopy as it does 
to super-resolution techniques. For the former, one wishes to eliminate fluorescence 
blinking, for the latter it is a requirement. Yet the same dye is used for both techniques! 
With suitable modifications to super-resolution fluorescence microscope techniques, 
this mode of fluorescence switching could be exploited without the need for complex 
redox buffer. If one wished to go in another direction then the target would be to 
eliminate cis-trans isomerization to force fluorescence blinking. Indeed this has been 
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touched upon where some reported that the Vitamin E derivative, Trolox, can stop 
fluorescence blinking in Cy5 and enhance photo-stability, but the mechanism is not 
understood.54,55 
Our work here is rather preliminary and somewhat incomplete. Although we have 
tended to minimize the role of electron-transfer chemistry, it has to be stated that we 
have been unable to establish what level of chemical reactivity takes place in the actual 
fluorescence microscope. It is possible that even with a triplet quantum yield not much 
different from 1%, this could account for the observed blinking. There seems to be no 
reliable information on the actual details of these experiments. Although our working 
relationship with colleagues in the Medical School Bio-Imaging Unit has been excellent, 
it is clear that we do not share a common language when it comes to chemistry.  
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